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Complete Abstract: 
The goal of packet-switched networks has conventionally been delivering data to users. This concept is 
changing rapidly as current technologies make it possible to build network processing engines that apply 
intermediary services to data traffic. This trend introduces an extensive range of ways to develop and 
operate applications by allowing processing services customized for applications' needs at intermediate 
network users, as it can relieve individuals from the need to acquire, install, and maintain software in end 
systems to perform required functions. As such network services become more widely used, it will 
become increasingly important for service providers to have effective methods to configure applications 
sessions so that they use resources efficiently. On the other hand, it is equally important to design such 
extensible networks properly in order to ensure desirable performance of applications. This dissertation 
addresses these two key problems that arise in operation and provisioning extensible networks: 
configuring application sessions and designing extensible networks. First, we present a general method, 
called layered networks, for the problem of configuring application sessions that require intermediate 
processing. The layered network method finds optimal configurations by transforming the session 
configuration problem into conventional shortest path problem. We show, through a series of examples, 
that the method can be applied to a wide variety of situations. We also discuss how to configure 
applications that require reserved capacity and propose effective heuristic algorithms that are based on 
the layered network method. Second, for designing extensible networks, we generalize the constraint-
based network design methods originally developed for conventional networks. We show how to 
incorporate arbitrary requirements that are allowed by extensible networks in a flexible and general way. 
We also show how to extend the original framework to dimension both processing resources and link 
bandwidth. These results have been incorporated into software packaged the Extensible Network Planner 
(XNP). 

 
			fiff
fl
	ffi !"$#%	&'ff
()*+,-	.!/#ffi,-)01#fi
	#%2	(0$	
	$
	
$1%#%2#ffi	!+3flffi3		(0	fl% 456($3	7
	098$	
:%&;
	fl% 25<
=?>
@ACB*ffEDF#fiG1HIB
)JLKNMPOQJRKNST@1U1S1KVJffiWXG1KS1BYJRKNZ[WXBYHIU\H^]+)JLH^]_KN`L`RHIJa^HIUPObWXGPO^UT*DP'@1JLU1KNJ
S1BY`R`LKNJLWXOQWXBYHIU\M1JLKN`RKVU?WXKNSTWXHcWXG1KdK[eIKVJU1`3WXBYWR@WXKHQ]
 fOQ`RG1BYU1g^WXH^UTU1BYe^KNJL`RBYW
>
BhUiMPO^J3WXBjOQk*]_@1kmlPkhkYACKVUnW
H^]'WXG1KJRKVon@1BhJLKNApKNU?WX`ffi]_HIJ%WRG1KS1KNgIJLKNK<H^]
(HZ[WXHIJ%HQ]flZVBhKVU1ZNK
(KNZNKVA
=
KNJNqFrQsIsIt
OQBhU?W&uHI@1Bh`Vqv,TBY`R`RH^@1JRB
 
			fiff
fl
	ffi !"$#%	&'ff
()*+,-	.!/#ffi,-)01#fi
	#%2	(0$	
	$
	
:%#fi
$1%#%2#ffi	!+3flffi3		(0	fl% 456($3	7
	098$	
:%&;
	fl% 25<
=?>
@1ApB ffcDF#fiG1H^B
(ffi3

)flJRH^]_KV`R`LHIJa^HIUPOQWRGPO^UT*DP'@1JRU1KVJ
(KNZNKVA
=
KNJNqFrQsIsIt
OQBhU?W&uHI@1Bh`Vqv,TBY`R`RH^@1JRB
ffiGKdgIHIO^kuH^] MPO^Z^K[W`BYWRZ G1KNSUKVW HIJn`G1O^`ZNHIU?eIKVU?WXBhH^UPO^khk
>\=
KNKNUTS1KNkYBYe^KNJRBYU1gcSPOQWXO
WXH @1`LKNJR`VDiffiG1Bh`<ZNHIUZNKNMWEBh`Z GPOQU1gIBhUgTJRO^M1BhSk
>
O^`<ZN@JRJRKVU?W WXKVZ G1U1HIkYHIgIBYKN`A O	^KpBYW<M*H^`R`RB
=
khK
WXH
=
@1BYkhS U1KVW HIJ M1JLHZVKN`R`LBhU1g KNU1gIBYU1KN`WXGPObWO^MM1k
>
BYUnWRKNJLACKVS1BjO^J
>
`RKVJLe BhZVKN`WRH SPOQWXOpWRJXO	
pZ^D
ffiG1BY`$WRJRKNUS BhU?WRJRH S1@1ZNKV`%O^UCK WXKVU1`RBmeIKJXO^U1g^KH^]%O
>
` WRH S1K[eIKNkYHIM OQU1S HIMFKNJROQWXKO^M1MkhBhZNOQWXBYHIU1`
=?>
OQkhkhHBYU1g MJRH ZNKN`L`RBYU1gf`RKVJLe BhZVKN`\ZV@1`LWRHIACBNKVS ]_HIJ OQM1M1khBYZ OQWRBhHIU`flU1KVKNS1`iOQW BhU?WXKVJRApKNS1BhOQWXK
U1K[WfiHIJ-U1H S1KV`NDffiG1KcMJRH e Bh`RBYHIU-HQ]`R@1Z G `RKVJLe BhZVKN`BY`MFH^WXKVU?WXBjOQkhk
>
OC`RBhg^U1BYlPZNO^U?W
=
KNUKVl1W]_H^J
U1K[WfiHIJ @1`LKNJL`NqO^` BmW ZNO^U4JRKVkhBYKVeIKTBhU1SBYe BhS1@1O^kh`c]_JRH^A WRG1K U1KVKNS4WRHfO^ZVo @BhJRKQqBhU1`3W O^kYk q%OQU1S
ACO^BhU?W OQBhU `LH^] WfiO^JRKiBhU"KVU1S `
>
`LWRKNAp`cWXHMFKNJL]_H^JRA JLKNon@1BYJRKNS"]_@1UZVWXBYHIU1`VD `c`R@1Z G/U1KVW HIJ
`RKVJLe BhZVKN`
=
KNZVHIACK ACHIJLKBYS1KNk
>
@`RKNS q BYWBhkhk
=
KNZVHIACK BhU1ZVJRK OQ`RBhUgIk
>
BYACMFHIJLWXO^U?W]_H^J`RKVJLe BhZVK
M1JLH e BYS1KNJL` WRH GPO eIKiK*KNZ[WXBYe^KiACK[WXG1H S1`EWXH ZVHIUlPgI@JRK O^M1M1kYBhZNOQWXBYHIU1` `LKN`L`RBhH^U1`C`LHWXGPOQWcWRG1K
>
@1`LKCJLKN`RH^@1JRZVKN`EK
CZVBhKVUnWRk > D\U WRG1KCHQWXG1KVJ<G1O^U1S q BYWBh`KVo @1O^khk > BhApM*H^JLW OQUnWWRHTSKN`RBYgIU `R@1Z G
K WRKNU1`LB = kYKffiU1KVW HIJn`$M1JRH^M*KVJRk > BhUcHIJLS1KNJ WXHKNU1`L@1JRKS1KV`RBYJXO = kYK%MFKNJL]_H^JRACO^U1ZNKffiHQ] OQM1M1khBYZ OQWRBhHIU`ND
ffiG1BY`fiS1BY`R`RKVJLWXOQWXBYHIU O^SS1JRKV`R`RKV`fiWXGKN`RKWfiH QK > M1JRH = khKNAp`flWXGPObWffiO^JLBh`RKBhUCHIMFKNJXObWXBhUg O^US M1JRH e B 
`RBYHIU1BYU1gK WXKVU1`RB = khKU1K[WfiH^Jn`

ZVHIUlPgI@JRBhUgdOQM1M1khBYZ OQWRBhHIU `RKN`L`RBYHIU1`$O^U1SpS1KN`LBhgIUBhU1gK WRKNU1`LB = kYK
U1K[WfiHIJn`ND
! BhJR`3W q  K\M1JRKV`RKVUnWpO g^KNU1KVJXO^k ACK[WXG1H S q9ZNO^khkYKNS 	
 qfl]_HIJdWXG1K MJRH = kYKNA
H^]+ZNHIUl1gI@1JRBYU1gpO^M1M1kYBhZNOQWXBYHIU\`RKV`R`RBYHIU1`WXGPObWJLKNon@1BYJRK<BhU?WXKVJRApKNS1BhOQWXKM1JLHZVKN`L`RBhUg1D ffiGK 	

 ApKVWRG1HSTlPU1S1`HIMWXBhACO^k;ZNH^UlPgI@1JROQWXBYHIU1` =n> WXJRO^U1`L]_H^JRApBhU1gpWXG1KE`LKN`L`RBhH^UZNHIUl1gI@1JXO 
WXBYHIU M1JLH = kYKNA BhU?WXH\OCZNHIU?eIKVU?WXBhH^UPO^k9`LG1HIJLWRKN`3WMPOQWXGMJRH = kYKNA D  K `RG1Hq WXGJRHI@1g^G O `RKVJRBhKV`
H^]KO^ApM1khKV`Nq WRGPOQW WXGK ApKVWRG1H S ZNO^U = K O^M1M1kYBhKNS"WRH O BhS1K\eQO^JLBhKVW > H^]`LBYWX@1OQWXBYHIU1`ND   K
O^kY`RH SBh`RZV@1`R`ffiGH 2WRHEZNH^UlPgI@1JLKO^M1MkhBhZNOQWXBYHIU1`flWXG1OQW%JLKNon@1BhJLKJLKN`RKVJLe^KNS Z O^MPOQZNBYW
>
O^US\M1JRHIMFHI`LK
K*KNZ[WXBmeIK<G1KN@1JLBh`3WXBhZOQkhgIHIJLBYWRG1AC`$WXGPObWO^JRK
=
O^`LKNS HIUiWXG1KkjO
>
KNJRKVSTUKVW HIJ\ApKVWRG1HS D
 KNZNH^U1S qu]_HIJS1KV`RBYgIU1BhUg K WXKVU1`RB
=
khKcUKVW HIJn`Nq  KcgIKNU1KVJXO^kYB VK WXG1KcZVHIU1`3WXJXOQBhU?W
=
O^`RKVS
U1K[WfiHIJ S1KN`LBhgIU/ACK[WXG1H S1` HIJLBhgIBYUPO^khk
>
S1KVe^KNkYHIM*KVS ]_HIJ ZVHIU?eIKNU?WRBhHIUPOQkUKVW HIJn`ND   K `RG1H
G1H WXHEBYU1ZNHIJLM*H^JXOQWRKO^J
=
BYWRJXO^J
>
OQM1M1khBYZ OQWRBhHIUCJRKVo @BhJRKVACKVU?WX`%WXG1OQWffiO^JLKO^kYkhHfiKVS
=?>
K WRKNU1`LB
=
kYK
U1K[WfiHIJn` BhU Off1KB
=
kYK O^U1S g^KNU1KVJXO^k fiO
>
D   K-O^kY`RH `RG1H G1H WRH K  WXKNUS WXG1K HIJLBhgIBYUPO^k
]_JXOQACKfiHIJ WXHS1BYACKVU1`RBYHIU
=
H^WXGpM1JRH ZNKV`R`LBhU1gJRKV`RHI@JRZNKV`%O^USCkYBhU 
=
O^U1S BhSWRG D9ffiG1KV`RKJLKN`L@1kYWR`
GPO eIK
=
KNKNU BhUZNHIJLM*HIJROQWXKVS BhU?WXH/O `RH^] WfiO^JRK MPOQZQOQgIK^qWRG1K   WRKNU1`LB
=
kYK 	KVW HIJ )flkhO^U1U1KVJ
fi
8	)ffifl[D
ffiG1Bh`ffiWRG1KN`LBh`Bh`ffiS1KVS1BhZNOQWXKVS WRH A
>
] O^ApBhk
>
D
  
	
ffflfiffi "!#!$!#!$!$!#!%!$!#!$!#!$!$!#!$!#!$!%!#!$!$!#!$!#!$!$!#!$!%!#!$!#!$!$! &'
()*,+'-.ffi/ !$!#!$!$!#!%!$!#!$!#!$!$!#!$!#!$!%!#!$!$!#!$!#!$!$!#!$!%!#!$!#!$!$!&'
021.354
 67fiffi 8'*:9ffi
4
.;!$!$!#!%!$!#!$!#!$!$!#!$!#!$!%!#!$!$!#!$!#!$!$!#!$!%!#!$!#!$!$! <'
= >
4
?-.58fl+
1
.@
4
!$!#!$!$!#!%!$!#!$!#!$!$!#!$!#!$!%!#!$!$!#!$!#!$!$!#!$!%!#!$!#!$!$!
=
A
D
A
ffiG1KK WXKVU1`RB
=
khKU1K[WfiH^JiKNU?e BhJLHIU1ApKNU?W DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D r
A
D r #fiHIUlPg^@1JRBYU1g JRKN`LHI@1JLZNKN`BhUiK WRKNU1`LB
=
kYKU1KVW HIJn` DdD<DdD<D<DdD<DDdD<DdD<D<D B
A
D t (KN`LBhgIU1BYU1gcK WRKNU1`LB
=
kYK<UKVW HIJn` DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D C
A
DED (Bh`L`RKNJ3W OQWRBhHIU\H e^KNJLe BYK DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
s
F G
ffi H,+I-
1
ffiJ#
45K
*,+'-L/.
4
!#!$!#!$!$!#!$!#!$!%!#!$!$!#!$!#!$!$!#!$!%!#!$!#!$!$!
= F
rD
A
MFKNZNBm]
>
BhU1gEWRG1KdKN`L`RBhH^U !PHIJRACOQW%O^U1ST	KVW HIJ DdD<DdD<D<DdD<DDdD<DdD<D<D
A
t
rD r #fiHIUlPg^@1JRBYU1gCKVU1KNJLBhZ<KV`R`RBYHIU1` D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A?M
rD t #fiHIUlPg^@1JRBYU1g @1U1BhZNO^`LW`LKN`L`RBhH^U1` D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A?N
rD tD
A
&;O
>
KVJRKVS-U1K[WfiHIJn`]_HIJffi`LBhU1gIkYK`LWRKNMTM1JRH ZNKV`R`RBYU1g D<D<DdD<DDdD<DdD<D<D r
A
rD tD r `RBYU1g kjO
>
KVJRKNS U1K[WfiHIJn`]_HIJffiAE@kYWXBYM1khKM1JRH ZNKV`R`LBhU1gp`LWRKNM1`dDdD<DdD<D<D r^t
rDED M1MkhBhZNOQWXBYHIU1` BmWXGiHIMWRBhHIU1O^k M1JLHZVKN`L`RBhUg DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D rOB
rDPB #fiHIU1gIKV`LWRBhHIUT#fiHIU?WXJLHIk;)flJRH ZNKV`R`RBYU1g DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D rOQ
rD
M
#fiHIUlPg^@1JRBYU1g `RBhUgIkhK`LHI@1JLZNK<AE@1kYWRBhZNO^`LWffi`LKN`L`RBhH^U1`D<DdD<DdD<D<DdD<DDdD<DdD<D<D r
N
rDPQ KVkjOQWRKNS\  HIJ D<DdDD<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D tRQ
S G
ffi H,+I-
1
ffiJ#
45K
*,+'-L/.
4

4
J#ffTI
1
UWVXJ#
4
W?-.Y
4
ffi 8[Z\ffiR]6^-
3
_!#!$!$! `,a
tD
A
KVU1KNJRO^khBNKVSiKV`RHI@1JLZNK #fiHIUlPg^@1JXOQWRBhHIU )flJRH
=
khKVA KVS1KVl1U1KNS6D<DDdD<DdD<D<D D
A
tD r KV@1JRBY`LWXBYZN`

KNkYKNZVWRBYe^K<JLKN`LHI@1JRZVKdZVHIU1`LBhS1KVJXOQWRBhHIUD<DdD<DdD<D<DdD<DDdD<DdD<D<D DbB
tD t KV@1JRBY`LWXBYZN`

Z O^MPOQZNBYW
>
WXJXOQZ BYU1g2D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D DbQ
tDED BhA @1kjOQWRBhHIU KV`R@1kmWX` D<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D B
A
BYe
`  2ffi/H* 4  4 * < ?ffi 4  @flfiffi\Z\ffiR]6^- 3  !#!$!#!$!%!#!$!$!#!$!#!$!$!#!$!%!#!$!#!$!$! Ya
D1D
A
#fiHIU1`3WXJXOQBhU?W = O^`RKVS-	KVW HIJi(KV`RBYgIU DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
M A
D1D r U?WXJRH S1@1Z[WXBYHIU\WXHp(KN`LBhgIU1BYU1g   WXKNU`RB = khK<	K[WfiHIJn`dD<DdD<D<DdD<DDdD<DdD<D<D
M
D
D1D t (KN`LBhgIU1BYU1g   WXKNU`RB = khK<	K[WfiHIJn`ffiDdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D Q^s
D1D tD
A
M1M1kYBhZ ObWXBhH^U\!PHIJRACOQW D<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D Q
A
D1D tD r 'JXO 
CZd#fiHIU`LWXJRO^BhU?WR` D<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D Q
A
D1D tD t 'JXO 
CZd#fiHIUlPgI@1JROQWXBYHIU D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D QIr
D1D tD D HI@WRBhU1g )'HIkhBYZ > D<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D QIr
D1D tD B &uH?OQST!vO^Z[WXHIJ/D<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D Q^t
D1D tD
M
ffiGKdKN`LHI@1JLZNKd(BhApKNU1`LBhHIU1BYU1gc)flJRH = khKVA DdD<DdD<D<DdD<DDdD<DdD<D<D Q D
D1D tD Q &uKNO^`LW ZNH^`LWH^@WXBYU1g ) HIkYBhZ > DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D QOB
D1DED KV`RHI@JRZNK<(BYACKVU1`RBYHIU1BhUgE@1`RBYU1gp!+khH7JRO^M1G1`/D<DdD<DdD<D<DdD<DDdD<DdD<D<D QOQ
D1DPB #fiHIApM1@WXBYU1g &uHfiKVJ:fiH^@1U1S1`HIUT	K[WfiHIJ #fiHI`LW DdD<DdD<D<DdD<DDdD<DdD<D<D C D
D1D
M
#fiHIApM1@WXBYU1g &uHfiKVJ:fiH^@1U1S1`@1`LBhU1gp!+kYH 7JXO^M1G` D<DdD<D<DdD<DDdD<DdD<D<D C
M
D1DPQ (Bh`LZN@1`L`RBhH^U DdD<D<DdDD<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D C
N

 < ?ffi
4
 @ fi@ffi Z ffiRW6 -
3
fi
4fl4
ffib-!$!$!#!$!#!$!%!#!$!$!#!$!#!$!$!#!$!%!#!$!#!$!$! 
=
BD
A

=
W O^BYU1BhUgcO^U1S- W OQJLWXBYU1gE8	) D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
N
r
BD
A
D
A
U`LW OQkhkhBYU1g 8	) D<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
N
r
BD
A
D r @1U1UBhU1gc8	)6DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
N
r
BD r :%O^`LBhZN`ffiHQ]fl  WXKNU`RB
=
khK<	K[WfiHIJi)flkjO^U1UBhU1g DdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
N
t
BD rD
A
#fiH^U1`LWRJR@1Z[WXBhUg OcU1K[WfiHIJiDdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
N
t
BD rD r M1M1kYBhZ ObWXBhH^U ]_HIJRACOQWR`D<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
N
C
BD rD t (KV`RZVJRB
=
BhU1gEWRJXO	
pZKMFKNZVWXOQWXBYHIU1` DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
NON
BD rD D KN`LHI@1JLZNK<S1BhApKNU1`LBhHIUBhU1g DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
sIr
BD rD B 9eQO^kY@POQWXBYU1gcU1K[WfiHIJ\ZNHIUlPgI@1JROQWXBYHIU1` D<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
s D
BD rD
M
(KV`RBYgIUTMPO^ZVK DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
sOB
BD t (KN`LBhgIUTM*KVJXOQWRBhHIU` D<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
s
M
BDED !+BhkYKMFKNJXObWXBhH^U1` DdDD<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
sOQ
BDPB kYgIHIJRBmWXG1Ap`fiBYACMkhKNApKNU?WRKNS\BhU\8	) DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
s C
BDPBD
A
KNUKNJXObWXBhUgCOQU1SiACH S1BY]
>
BYU1gEU1K[WfiHIJ WXHIMFHIkYHIgIBhKV` DdD<DDdD<DdD<D<D
A
s C
BDPBD r )flkhO^ZNBYU1gcU1KVW HIJ\U1HSKN` DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
AOA
s
BDPBD t KNUKNJXObWXBhUg WRJXO	
pZZVHIU1`LWRJXO^BYU?WX` DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
AOA A
e
  < ?ffi 4  @ fi@ffi Z ffiRW6 - 3  2ffi  @* 4  H 4 * Z  !$!$!#!$!#!$!$!#!$!%!#!$!#!$!$!
=,= F
M
D
A
 MFKNJLBhApKNU?WXBYU1g BYWRG $OQJRBhH^@1`ffi(KN`LBhgIUT#fiG1H^BhZNKV` DdD<DdD<D<DdD<DDdD<DdD<D<D
AOA
r
M
D r flU1GPO^U1ZVBhU1gcWRG1K JLBjO^ku(KV`RBYgIU1`2D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
r
M
  +I9
9  -.V 
4 8 ('+'.+'-.ffi - 3 !$!$!#!$!#!$!%!#!$!$!#!$!#!$!$!#!$!%!#!$!#!$!$!
=/S

QD
A
KN`L`RBYHIU #fiH^UlPgI@1JROQWXBYHIUiBhUi  WXKVU1`RB = khK<	K[WfiH^Jn` D<DdD<D<DdD<DDdD<DdD<D<D
A
tOQ
QD r #fiHIU1`3WXJXOQBhU?W = O^`RKVS-(KV`RBYgIUiH^]9  WXKVU1`RB = khK<	KVW HIJ DdD<D<DdD<DDdD<DdD<D<D
A
t
N
G
ffib ffib-.ffi 4fl1 ffi \!$!$!#!$!#!$!$!#!%!$!#!$!#!$!$!#!$!#!$!%!#!$!$!#!$!#!$!$!#!$!%!#!$!#!$!$!
=
`
F
 U?X!#!%!$!#!$!$!#!$!#!$!$!#!%!$!#!$!#!$!$!#!$!#!$!%!#!$!$!#!$!#!$!$!#!$!%!#!$!#!$!$!
=
`
	
e B
  
	\    fl 	
D1D
A
KV`R@1kmWXBYU1gp#%O^MPO^ZVBYWRBhKN`Ob] WXKNJ(BYACKVU1`RBYHIU1BYU1g D<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
MOM
D1D r KV`RHI@JRZNKd#%O^M1O^ZNBmWXBhKV`%]_HIJ,T@1kmWXBhMkhKM1M1kYBhZ ObWXBhH^U1` D<DdD<D<DdD<DDdD<DdD<D<D
MON
D1D t  JRO	
pZZNHIU1`3WXJRO^BhU?WX`O^`L`RH ZNBhOQWXKVS BmWXG !+BYgI@1JRK DD B ]_HIJffiJLKN`RH^@1JRZVKdS1BYACKVU1`RBYHIU1BYU1g CIs
D1DED &uH?O^S ] OQZVWXH^JCH^]WRG1K-M1O^BhJL` G1H^`RK MPObWXG BY` JLHI@WXKVS WXGJRHI@1g^G
fi
)flG1BYkhB q%	ff fl[q
JRKVkjOQWRBYeIKWRHcWXG1KBhUBYWXBhO^khk
>
ZNH^UlPgI@1JLKNST`RKN`L`RBYHIU
=
O^U1S BYSWXGiD<DdD<DDdD<DdD<D<D CIs
D1DPB  JRO	
pZiZNHIU1`3WXJRO^BhU?WX`pO^`L`RH ZNBhOQWXKVS BmWXG/!+Bhg^@1JRK2D1DPB-]_HIJcZNH^ACM1@WXBhUg OkYH  KNJ
=
H^@1U1S DdD<DdD<D<DdDD<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D CRQ
M
D
A
HI@1JLZNKV`OQU1S WRG1KNBYJffiJRKVZNKNBmeIKVJkYHZNOQWXBYHIU1`fi]_HIJ%WRG1K< U1K[WfiHIJ D<DDdD<DdD<D<D
AOA
t
M
D r HI@1JLZNKV`OQU1S WRG1KNBYJffiJRKVZNKNBmeIKVJkYHZNOQWXBYHIU1`fi]_HIJ%WRG1K  KV`LWRKNJRU-fl@1JRHIMFKU1KVW HIJ2D
A
r
A
M
D t &uBhU n`O^S1SKNS OQU1SiJRKNApH eIKVST]_HIJ%WRG1K<\U1KVW HIJ D<DdD<D<DdD<DDdD<DdD<D<D
A
t^s
M
DED &uBhU n`O^S1SKNS OQU1SiJRKNApH eIKVST]_HIJ%WRG1K  KV`LWXKVJRU-@JRHIMFK<	KVW HIJ6DdD<DdD<D<D
A
tOB
eBYB
  
	\   
 
 	
A
D
A
#fi@1JRJLKNU?W	KVW HIJi`RKV` D<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D r
A
D r  1OQACM1kYKH^] ZNHIApAE@1U1BYZ OQWRBhHIU = K[WfiKVKNU-W HCZVHIJRMFHIJROQWXKU1K[WfiH^Jn` D<DdD<D<D t
A
D t BYS1KNHcWXJRO^U1`3]_KNJO^M1M1kYBhZNOQWXBYHIU BYWRGiS1KNZVHIACMJRKN`L`RBYHIUTMJRH ZNKN`L`RBYU1g.DDdD<DdD<D<D Q
A
DED  1OQACM1kYKH^] U1KVW HIJ\SKN`RBYgIU D<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D C
A
DPB  1OQACM1kYKH^] U1KVW HIJ\SKN`RBYgIU BYWXGiM1JLHZVKN`L`RBhUg D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
s
rD
A
KN`L`RBYHIUTg^JXO^M1G` D<DdDD<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
t
rD r )flJRH ZNKN`L`RBYU1gpW
>
MFKN` BYWRG kYHZNOQWXBYHIU ZVHIU1`LWRJXO^BYU?WX` D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
D
rD t 	K[WfiHIJ\gIJXOQM1G DdDD<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
B
rDED KN`L`RBYHIUTZVHIUlPg^@1JXOQWRBhHIU`ffiDdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A?M
rDPB U1BYZ O^`3W BYWRG `LBhU1g^khK`LWRKNM M1JRH ZNKV`R`LBhU1g D<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D r^s
rD
M
KN`L`RBYHIUTg^JXO^M1G BmWXG Op`LBhU1g^khKM1JLHZVKN`L`RBhUgC`3WXKNM D<DdD<DdD<D<DdD<DDdD<DdD<D<D rIr
rDPQ KN`L`RBYHIUTZVHIUlPg^@1JXOQWRBhHIU\@`RBhUg OckjO
>
KNJRKVSTUKVW HIJCDdD<DdD<D<DdD<DDdD<DdD<D<D rIr
rD C KN`L`RBYHIU ZVHIUlPg^@1JXOQWRBhHIU @1`LBhU1gTOikjO
>
KVJRKNS U1K[WfiHIJ ]_HIJAE@1kmWXBhMkhKEM1JLHZVKN`L`RBhUg
`LWRKNM1` D<DdD<DdD<D<DdDD<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D r D
rD
N
&;O
>
KNJLKNS-UKVW HIJn`]_H^JffiHIMWXBYHIUPO^k*ZNHIApM1JLKN`R`LBhHIUQS1KNZVHIApM1JRKV`R`RBYHIU DdD<DdD<D<D r
M
rD
A
s4 JRO^U1`3]_HIJRApKNS 	K[WfiH^J ]_HIJMWRBhHIUPOQku)flJRH ZNKN`L`RBYU1g D<DdD<D<DdD<DDdD<DdD<D<D r C
rD
AOA
,T@1kmWXBhZNO^`LW%`RKN`L`RBYHIU-gIJRO^M1G\]_HIJOce BhS1KVH WRJXO^U`L]_KNJO^MM1khBYZ OQWRBhHIU D<DDdD<DdD<D<D r
N
rD
A
r2,T@1kmWXBhZNO^`LW%`RKN`L`RBYHIU-ZVHIUlPgI@JXOQWRBhHIU1` D<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D tIs
rD
A
t2&;O
>
KNJLKNS-UKVW HIJ ]_HIJffiA @1kYWRBhZ OQ`LW DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D t
A
rD
A
D #fiHIApMPO^JRBY`RHIU H^]<WXGK WRJRKNK ZNH^`LWX` JRKV`R@1kmWXBYU1g"]_JRHIA WRG1K G1KN@JRBh`3WXBYZ ApKVWRG1H S1`Nq
G1KNJLKcWXG1KcJLKN`R@kYWH^]WXGKc`RG1HIJ3WXKV`LW<MPOQWRG WRJRKVKcACK[WXG1H SZNHI`3WX`khKV`R`WRGPO^UWXG1K
AE@1kmWXB `LWRKNM WXJLKNK<O^@1g^ACKVUnWXOQWXBYHIU\D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D t?r
rD
A
B2#fiHIApMPO^JRBY`RHIU H^]<WXGK WRJRKNK ZNH^`LWX` JRKV`R@1kmWXBYU1g"]_JRHIA WRG1K G1KN@JRBh`3WXBYZ ApKVWRG1H S1`Nq
G1KNJLK\WXG1K\JLKN`R@kYWcH^]WXGK\AE@1kYWRB `LWXKVM WXJLKNKiO^@gIACKVU?W OQWRBhHIUfZVHI`LWR` khKN`L`EWXGPOQU
WXG1K`LG1HIJLWRKN`3WM1OQWXGiWXJLKNKACK[WXG1H S DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D tIt
rD
A?M
,TKVWRJRH B^s 	K[WfiHIJ-DD<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D t D
e BhBYB
rD
A
Q2#fiHIApMPO^JRBY`RHIU\HQ]+ZVHI`LWR`]_HIJffiJLKN`LHI@1JRZVKN`BhUiAE@1kmWXBYZ O^`3W%WXJLKNKN` D<DdD<DDdD<DdD<D<D tRB
rD
A
C #fiHIApMPO^JRBY`RHIU\HQ]+S1BhO^ApKVWXKVJR`ffiH^] AE@1kmWXBYZ O^`3W%WXJLKNKN` D<DdD<DdD<D<DdD<DDdD<DdD<D<D t
M
tD
A
BYS1KNHcWXJRO^U1`3]_KNJO^M1M1kYBhZNOQWXBYHIU BYWRG = O^U1S BYSWXG JRKVon@1BhJLKNApKNU?WX` DDdD<DdD<D<D D
A
tD r 	K[WfiHIJ\gIJXOQM1G BYWXG O ZNHI`3WO^U1SiZ O^M1O^ZNBmW > `RMFKNZVBYlPKVST]_HIJffiKNO^Z GTJLKN`LHI@1JRZVKED<D D?t
tD t KN`L`RBYHIUTZVHIUlPg^@1JXOQWRBhHIU\BYUiZ O^MPOQZNBYW > ZNHIU1`3WXJRO^BhU1KVSTUKVW HIJn` D<DDdD<DdD<D<D DOD
tDED G1HIJ3WXKV`LWMPOQWRG WRJRKNKBYUTOckhO > KNJLKNS gIJXO^MG DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D D
N
tDPB :fikhH Z^KVSTM1OQWXGiBhUiZNO^MPO^ZVBYW > WRJXO^ZnBhUg DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D B^s
tD
M
 H^JR@1`U1K[WfiHIJ4D<DdDD<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D B
A
tDPQ ,TKVWRJRH r^s 	K[WfiHIJ-DD<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D BIr
tD C ,TKVWRJRH B^s 	K[WfiHIJ-DD<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D B^t
tD
N
) KVJL]_HIJLA O^UZNKH^] G1KN@1JLBh`3WXBhZV`%]_HIJffi`RKV`R`LBhHIUTZNHIUl1gI@1JXObWXBhH^U D<D<DdD<DDdD<DdD<D<D BOB
tD
A
s2) KVJL]_HIJLA O^UZNK H^]G1KV@1JRBY`LWRBhZN`E]_H^J `RKV`R`LBhHIU/ZNHIUlPgI@1JROQWXBYHIU q+WRG1K\ACK[WXJLHIM*H^khBYWXO^U
O^JRKNOcU1KVW HIJn` D<DdDD<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D BOB
tD
AOA
#fiHIUlPg^@1JXOQWRBhHIUT#fiHI`3W D<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D BOQ
tD
A
r2#fiHIUlPg^@1JXOQWRBhHIUT#fiHI`3WX`H^]'WXG1KApKVWRJRH?O^JLK OcU1K[WfiHIJn`CD<DdD<D<DdD<DDdD<DdD<D<D BOQ
tD
A
t2:fikhH ZnBhU1gcJROQWXKV`OQW QOB  WRJXO	
pZkYH?O^S DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D B C
tD
A
D #fiHIUlPg^@1JXOQWRBhHIUiZVHI`LWOQW QOB  WXJRO	
pZkhH?O^S DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D B C
tD
A
B ffiBhApKJRKVon@1BhJLKNApKNU?WX`]_HIJffi`RKV`R`LBhHIU ZNHIUlPgI@1JROQWXBYHIU1` DdD<DdD<D<DdD<DDdD<DdD<D<D B
N
D1D
A
8	) `RUPOQM1`RG1HQW]_H^JffiZNApKZNHIJLM*H^JXOQWRBhHIU\U1K[WfiH^J D<DdD<D<DdD<DDdD<DdD<D<D
M
B
D1D r 8	) `RUPOQM1`RG1HQW BmWXGTOckhHfiKVJZNHI`3WSKN`RBYgIU DdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
M
Q
D1D t 8	) `RUPOQM1`RG1HQW]_H^J%eBYS1KNH HIU S1KNACO^U1S O^MM1khBYZ OQWRBhHIU DdD<D<DdD<DDdD<DdD<D<D
M
C
D1DED &;O
>
KNJLKNS-UKVW HIJ BmWXGikhKNO^`LW ZNH^`LWMPOQWRG DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D Q
M
D1DPB &uK O^`3WZVHI`LWJLHI@WXK]_JLHIA (K[WffiWXHp	ff DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D QOQ
D1D
M
!+khH gIJRO^M1G @1`RKVST]_HIJffiS1BYACKVU1`RBYHIU1BYU1g
fi
)flG1BYkhB q 	ffiff flffiDdD<DdD<D<DdD<DDdD<DdD<D<D C?r
D1DPQ !+khH gIJRO^M1G @1`RKVST]_HIJffiZVHIACM@WXBYU1g OckhHfiKVJ
=
HI@U1S D<DdD<D<DdD<DDdD<DdD<D<D COC
BD
A
8	) A OQBhU\ApKNUn@-OQU1S
=
@WRWRHIU1` DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
N
D
BD r  1OQACM1kYKM*H^M1@1M BhU1S1H`ffi]_HIJO^SS1BhU1gpOcU1H S1KcD<DdD<DdD<D<DdD<DDdD<DdD<D<D
N
D
BD t 8	) `RUPOQMT`LG1H^WX` G1BYkhKgIKVU1KNJROQWXBYU1gpOEWXHIMFHIkhH^g
>
DdD<DdD<D<DdD<DDdD<DdD<D<D
N
B
BDED ) HIM@1M BYU1S1H ]_H^JffiKNU?WXKVJRBhUg OckhBYU  ZVHI`LW DdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
NOM
BDPB 8	) `RUPOQMT`LG1H^WX`ffi]_HIJffiMkjO^ZVBhU1gcM1JLHZVKN`L`RBhUgCZNO^MPO
=
BYkhBmW
>
D<D<DdD<DDdD<DdD<D<D
N
Q
BD
M
:fi@WLWXHIU1`ffi]_HIJffiKVS1BYWRBhU1gcUKVW HIJ\ZVHIUlPgI@JXOQWRBhHIU1` D<DdD<DdD<D<DdD<DDdD<DdD<D<D
N
Q
BDPQ :fi@WLWXHIU1`ffi]_HIJOQM1M1khBYZ OQWRBhHIU`%O^U1SiWXJRO	
pZZNHIU1`3WXJRO^BhU?WX` D<DdD<D<DdD<DDdD<DdD<D<D
N
C
BD C ) HIM@1M BYU1S1H ]_H^JO^S1S1BYU1gpO^U O^M1M1kYBhZ ObWXBhH^U ]_HIJRACOQW DdD<D<DdD<DDdD<DdD<D<D
N
C
B 
BD
N
) HIM@1M BYU1S1H ]_H^JffiS1KN`LZNJRB = BhUgCOQU-O^MM1khBYZ OQWRBhHIU ]_H^JRACOQW D<DdD<DDdD<DdD<D<D
NON
BD
A
s2) HIM@1M BYU1S1H ]_H^JffiJRKNApH e BhU1gpO^M1MkhBhZNOQWXBYHIU ]_HIJLA ObWX` DdD<D<DdD<DDdD<DdD<D<D
NON
BD
AOA
) HIM@1M BYU1S1H ]_H^Jffi`RKNkYKNZ[WXBhUgCOcWXJRO	
pZZNHIU`LWXJRO^BhU?WW > M*K D<DdD<DDdD<DdD<D<D
A
s^s
BD
A
r4) HIM@1M BYU1S1H ]_H^JO^S1S1BYU1gcWXJXO 
CZZVHIU1`LWRJXO^BYU?W = K[WfiKVKNU-W HC`LKVWR`H^] U1H S1KN`
A
s
A
BD
A
t2) HIM@1M BhU1SH 0]_HIJO^S1S1BYU1g WXJRO	
pZEZNH^U1`LWRJXO^BYUnW G1KNUWXGKES1KN`3WXBYUPOQWXBYHIU1`BhU 
ZNkY@1S1KO^kYk U1H S1KN` DdDD<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
s
A
BD
A
D ) HIM@1M BYU1S1H ]_H^JO^S1S1BYU1g\WXJXO 
CZ ZVHIU1`LWRJXO^BYU?W GKNU WRG1K `RHI@JRZNKV`dBYU1ZNkY@1S1K
O^khk*U1H S1KN`D<DdD<D<DdDD<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
sIr
BD
A
B4) HIM@1M BYU1S1H ]_H^JffiJRKNApH e BhU1gcWXJRO	
pZZNHIU1`3WXJRO^BhU?WX` D<DdD<D<DdD<DDdD<DdD<D<D
A
sIr
BD
A?M
:fi@WLWXHIU1`ffi]_HIJffiK[eQO^kh@PObWXBhUgcU1KVW HIJ\ZVHIUlPg^@1JXOQWRBhHIU` D<DdD<D<DdD<DDdD<DdD<D<D
A
sIr
BD
A
Q 8	) `RUPOQMT`LG1H^WX`ffi]_HIJffiSBhApKNU1`LBhHIU1BYU1gcBhU]_HIJRACOQWXBYHIU D<DdD<D<DdD<DDdD<DdD<D<D
A
s^t
BD
A
C 8	) `RUPOQMT`LG1H^WX`ffi]_HIJffikYHfiKVJ = HI@1USTBYU]_HIJRACOQWRBhHIU DdD<DdD<D<DdD<DDdD<DdD<D<D
A
s D
BD
A?N
 fiHpH^WRG1KNJffie BhK`BYU\8	) DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
sOB
BD r^s2:fi@WLWXHIU1`ffi]_HIJffiACO^UPOQgIBhU1g S1KN`LBhgIU1` DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
s
M
BD r
A
:fi@WLWXHIU1`ffi]_HIJ%l1khKHIMFKNJROQWXBYHIU1` D<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
sOQ
M
D
A
 JRO	
pZ"ZNHIU`LWXJRO^BhU?WR` ]_HIJ ACO BhAE@1A BhUZNHIApBhU1g QHI@WRgIHIBhUg/WRJXO	
pZ OQW , BhU 
U1K OQM*HIkYBh`VqM1JLHIM*H^JLWXBYHIUPO^kFWXHcWXGK<MFHIM1@kjOQWRBhHIU D<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
AOA
D
M
D r  JRO	
pZZNHIU1`3WXJRO^BhU?WX`ffi]_HIJ%WRG1Ke BhS1KVHpH^U S1KVA OQU1S O^M1M1kYBhZ ObWXBhH^U D<DDdD<DdD<D<D
AOA
D
M
D t 	K[WfiHIJn`]_HIJ%WRG1Kdr^sckjO^JLgIKN`3WACK[WXJLHIM*H^khBYWXO^U\O^JLK O^`ffi]_HIJ7DdD<DDdD<DdD<D<D
AOA M
M
DED 	K[WfiHIJn`]_HIJ%WRG1Kdr^sckjO^JLgIKN`3WACK[WXJLHIM*H^khBYWXO^U\O^JLK O^`ffi]_HIJ7DdD<DDdD<DdD<D<D
AOA
Q
M
DPB 	K[WfiHIJn`]_HIJ%WRG1Kdr^sckjO^JLgIKN`3WACK[WXJLHIM*H^khBYWXO^U\O^JLK O^`ffi]_HIJ7DdD<DDdD<DdD<D<D
AOA
C
M
D
M
#fiHI`LWZVHIACM1O^JRBY`RHIU ]_HIJ\WRHIMFHIkhHIg^BhKN` D<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
rQs
M
DPQ 	K[WfiHIJn`]_HIJ%WRG1Kdr^sckjO^JLgIKN`3WACK[WXJLHIM*H^khBYWXO^U\O^JLK O^`BYUi  KN`3WXKVJRUT@JRHIMFK D<D
A
r^r
M
D C 	K[WfiHIJn`]_HIJ%WRG1Kdr^sckjO^JLgIKN`3WACK[WXJLHIM*H^khBYWXO^U\O^JLK O^`BYUi  KN`3WXKVJRUT@JRHIMFK D<D
A
rQt
M
D
N
	K[WfiHIJn`]_HIJ%WRG1Kdr^sckjO^JLgIKN`3WACK[WXJLHIM*H^khBYWXO^U\O^JLK O^`BYUi  KN`3WXKVJRUT@JRHIMFK D<D
A
rLD
M
D
A
s #fiHI`LWZVHIACM1O^JRBY`RHIU ]_HIJ%  KN`3WXKVJRU fl@1JLHIMFK O^UiWXHIMFHIkYHIgIBhKV` D<D<DdD<DDdD<DdD<D<D
A
r B
M
D
AOA
	K[WfiHIJn`fi]_HIJWXG1Kr^sdkhO^JRgIKV`LW$ApKVWXJLHIMFHIkhBmW O^UpO^JLK O^`$BhU *q M1JRH ZNKV`R`LBhU1g OQW%OQkhk
M*H^`R`RB
=
khKkYHZNOQWXBYHIU1`.DD<DdD<DdD<D<DdD<DdD<DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
r Q
M
D
A
r4	K[WfiHIJn`]_HIJ%WRG1Kdr^sckjO^JLgIKN`3WACK[WXJLHIM*H^khBYWXO^U\O^JLK O^` D<DdD<D<DdD<DDdD<DdD<D<D
A
r C
M
D
A
t2	K[WfiHIJn`]_HIJ%WRG1Kdr^sckjO^JLgIKN`3WACK[WXJLHIM*H^khBYWXO^U\O^JLK O^` D<DdD<D<DdD<DDdD<DdD<D<D
A
r
N
M
D
A
D ,TH S1BYlPKVSiGPO^U1S ZNJROQ] WXKVS WRHIM*H^khHIg
>
q1)flkjOQZNKNApKNU?W# D<DdD<D<DdD<DDdD<DdD<D<D
A
t^s
M
D
A
B2#fiHIApMPO^JRBY`RHIUH^]SB*KNJRKVU?W;M1kjO^ZVKNApKNU?WX`uH^UGPO^U1S ZNJROQ] WXKVSdOQU1SACH S1BYl1KNSGPOQU1S 
ZNJROQ] WXKVS WRHIM*H^khHIgIBYKN`$]_HIJ%WXG1K<iU1K[WfiH^J6DDdD<D<DdD<DdD<D<DdD<DDdD<DdD<D<D
A
t
A
M
D
A?M
GPO^U1S ZNJROQ] WXKVS\WXHIMFHIkhH^g
>
qM1JRH ZNKV`R`RBYU1gCOQWO^khk*M*HI`L`RB
=
khKkYHZNOQWXBYHIU1` DDdD<DdD<D<D
A
tIr

MD
A
Q4	K[WfiHIJn`]_HIJ%WRG1Kdr^sckjO^JLgIKN`3WACK[WXJLHIM*H^khBYWXO^U\O^JLK O^`BYUi  KN`3WXKVJRUT@JRHIMFK D<D
A
t^t
M
D
A
C2	K[WfiHIJn`]_HIJ%WRG1Kdr^sckjO^JLgIKN`3WACK[WXJLHIM*H^khBYWXO^U\O^JLK O^`BYUi  KN`3WXKVJRUT@JRHIMFK D<D
A
t D
M
D
A?N
#fiHIApMPO^JRBY`RHIUH^]SB*KNJRKVU?W;M1kjO^ZVKNApKNU?WX`uH^UGPO^U1S ZNJROQ] WXKVSdOQU1SACH S1BYl1KNSGPOQU1S 
ZNJROQ] WXKVS WRHIM*H^khHIgIBYKN`$]_HIJ%WXG1K  KN`3WXKNJLU fl@1JLHIM*KU1K[WfiH^J-D<D<DdD<DDdD<DdD<D<D
A
tOB
B
     fl


	
ffiG1BY` S1BY`R`RKVJLWXOQWXBYHIU  HI@1kYS U1HQW GPO eIK = KVKNU2MFHI`R`LB = kYK BYWXGHI@WpWXG1KTG1KNkYM4O^U1S WXG1KT`R@1M1MFHIJ3W
H^]ACO^U > M*KVHIM1khKQD , > ]_HIJRKVACH^`LW WRGPO^U n`cgIHTWXH A > O^SeBY`RHIJVqfl(JNDa^HIUf'@1JRU1KVJNq G1HGPOQ`
= KNKNU BhU1ZVJRKVS1B = k > M1OQWXBYKNU?W BYWXG ApKc]_HIJWXG1K MPOQ`LW<l1eIK > KNO^JR`VD KCgI@BhS1KVS OQU1S KVU1ZNH^@1JXO^g^KNS
ApKdWXGJRHI@1g^G1HI@WWXG1KE`3WX@1S > BYWRG G1BY` = JLH?O^S MFKNJL`RMFKNZVWRBYe^KN`O^U1SZVHIU?WXBYU @HI@1`S1KVS1BhZNOQWXBYHIUT]_H^J
JRKV`RKNO^JRZ G\OQU1SpWRK O^Z GBhU1g1D+9O^kY`RHWXGPOQU cA
>
ZVHIACApBYWLWXKVK%ACKVA
=
KNJR`Vq (JNDfl(O^Up!P@1G1JLA OQU1U qn(JND
#fiG1JLBh`BhkYk qv(JVDO^kYk
>
HIkhS1ACO^U qFO^US(JNDkYkhKVU
	 KNgI@JXOqF]_HIJWRG1KNBYJeQO^kY@PO
=
kYK O^SeBYZNKcOQU1S
`R@gIgIKN`3WXBYHIU1`ND
WRGPO^U  O^kYkWRG1K M1JLH^]_KN`L`RHIJL`cO^U1S `LW O  ApKNA
=
KNJL` BYU & O^U1S #fiH^ACM1@WXKNJEZNBYKNU1ZVK
O^U1S flU1gIBhUKNKNJLBhU1gq G1HfGPO e^K
=
KVKNU2OQkfiO
>
`pWXG1KVJRKT]_H^JpApK BYWXG ZNHIU`LW OQUnW `R@1M1MFHIJ3WX` OQU1S
BhU`RM1BYJXOQWRBhHIU DffiOQkh`RHpWXGPOQU iA
>
]_KNkhkYH.`LWR@1S1KNU?WR`]_HIJWRG1KNBYJ BmWO^US-Gn@1ApHIJNq G1BhZ G Z GKNKNJLKNS
ApK@1MTBYACApKNU`RKNk
>
ObWA
>
S1BY`R`RKVJLWXOQWXBYHIUiS1KV]_KVU1`RKW O^kvD
,
>
`RMFKNZVBjO^kWXGPO^U  `flg^HWXH)flJRHQ]
Dfla^BhA :%O^kYkjO^JLSd]_HIJ+gI@1BhSBhU1gACK%M1OQWXBYKNU?WXk
>
WRG1JRH^@1gIG1HI@W
WXGK<SBh`R`LKNJ3W OQWRBhHIU JRBmWXBYU1gcM1JRH ZNKV`R`VD
! BhUPO^kYk
>
O^U1Sp]_JRHIA WRG1K
=
H^WLWXHIA H^] A
>
G1K O^J3W qn+WRGPO^U  O^ACMG1KNk qOQU1SpWRG1KJRKN`3WfiHQ] A
>
] O^ApBhk
>
OQU1S ]_@WX@1JLK] OQACBYk
>
]_HIJ%WXGKNBhJffi@U1ZNHIUS1BYWRBhHIUPOQk khH e^KdOQU1ST`L@1M1MFHIJLWNDffiGPO^U 
>
HI@ D

ff
flfiffi! #"  %$ ! '&	(fi  ) +* fl  , .-/ 0fi
1
325476	98;:/:fl<
BYB
A     
 



 

 


#fiHIU?eIKVU?WXBhH^UPO^khk
>
qWXG1K gIH?OQkH^]dMPO^Z^K[W`BYWRZ G1KNS U1KVW HIJn`TGPO^`
=
KVKNU S1KNkYBYeIKVJRBYU1g"SPOQWXO"WRH
@1`LKNJR`VD HcS1HEWRG1Bh`VqKNO^Z GiU1KVW HIJ U1HSK
fi
` BYWXZ GiHIJ JRHI@WXKNJ flfiA OQBhU?W O^BYU1`$BhU]_HIJLA ObWXBhH^UCO
=
HI@W
G1KVJRK WXHf]_H^JfiO^JRS SPOQWXO MPO^ZQKVWR`NqACO ^KV`iOfJRHI@WXBhUgfS1KNZVBh`LBhHIU4]_HIJCK O^Z G MPO^ZQKVWNqO^U1S4l 
UPO^kYk
>
]_H^JfiO^JRS1`WXGK MPO^ZQKVWOQZNZNH^JRS1BYU1gpWRHCWRG1K S1KVZNBY`RBhH^U D%U-WRG1Bh`MPO^JRO^S1Bhg^ATq1K[eIKVJ
>
U1HSKdBY`
JRKV`LWRJRBhZ[WXKVS WXH HIMFKNJROQWXBYU1gCl KVS M1JRH^WRHZVHIkh`WXGPObWGPO eIK
=
KNKVU O^gIJLKNKNS@M*HIU-BhUO^Se^OQU1ZNKQDffiG1K
ZNH^khkjO
=
HIJROQWXBYHIUH^]FO^kYkU1H S1KV`9BhU WRG1K%U1K[WfiH^J K[eIKVUnWR@PO^kYk
>
KNU1`L@1JRKV`WRGPOQW9O^khk MPO^ZQKVWX` BYkhk O^JRJLBYe^K
OQW<WXG1KVBhJ<BhU?WXKVU1S1KVS"S1KN`3WXBhU1OQWXBYHIU DiffiG1Bh`<JRKV`LWRJRBhZ[WXBYHIU KVUPO
=
kYKN` g^khH
=
OQkflUnWRKNJLU1KVWcZVHIU1U1KVZVWRBYe BYW
>
q
G1BYZ G BYACMJRH eIKV`ACO^U
>
OQJRK OQ`ffiH^]'G @A O^UikYBY]_K^q`R@1Z GTO^`ffi`LZNBhKVU?WXBYl1ZJRKN`LK O^JLZ G qvACKVS1BhZNO^k ZVHIkhkhO
=

HIJROQWXBYHIU qPMFKNJR`LHIUPO^k'ZNH^ACAE@U1BhZNOQWXBYHIU qPO^US-KNS@1Z OQWRBhHIU DffiU-WXG1K
=
@1`LBhU1KV`R`JLK O^kYATqPZVHIApACKVJRZNBhO^k
`RH^kh@WRBhHIU1`]_H^JA O^J^K[WXBhUgTOQU1S `RO^khKV`<O^JRK ACO nBhU1g\U?WXKVJRU1K[W
=
O^`RKVS"O^M1MkhBhZNOQWXBYHIU1`KVeIKVJ ApHIJRK
O^M1MFK OQkhBhUg1DU O^kYk H^]+WRG1KN`LKEO^JLK O^`Vqv@1`RKVJR`K M*KVZVWUKVW HIJn`WRH
=
K<OpMFKNJ3e^OQ`RBYe^KEO^US PK B
=
kYK
KNU?e BhJLHIU1ApKNU?WBhU G1BhZ G WXG1K
>
Z O^UT@1`RK<S1K[eBYZNKV`WXG1OQWe^OQJ
>
BhUiZNO^MPO
=
BYkhBmW
>
D$!+Bhg^@1JRK
A
D
A
`RG1H`
WXGKN`RK<ZN@JRJRKVU?W@1`LKN`H^] U1KVW HIJn`VD
HfiK[eIKNJVqWRG1KffiJRKV`LWXJLBhZ[WXBhH^UpHQ]Fl KVSCMJRH ZNKN`L`RBYU1gdkYBhApBYWR`'WRG1K%]_@1U1Z[WXBhH^UPO^khBmW
>
H^] UKVW HIJn`
ZNH^U1`RBYS1KNJRO
=
k
>
q ACO nBhU1g ZN@1JLJRKNU?WU1K[WfiH^JT]_JRO^ApK HIJn`@1U`R@1BmW O
=
kYK ]_HIJ]_@WX@1JLKEU1K[WfiHIJ O^M 
M1kYBhZ ObWXBhH^U1`ND'U WXGBh`$S1Bh`L`RKNJ3W OQWRBhHIU q  KZVHIU1`RBYS1KNJ$ApHIJRKLK WRKNU1`LB
=
kYK UKVW HIJpKNU?e BhJLHIU1ApKNU?WX`Vq
G1KVJRKU1K M1JLH^WXH ZNHIkY`flO^U1S MPOQZ^KVW$M1JLHZVKN`L`RBhUg<ZNO^U
=
KffiSKNM1kYH
>
KNSCOQWflU1K[WfiH^JEU1H S1KV`$S
>
U1O^A 
BhZNO^khk
>
DflUT`R@1Z GTK WXKVU1`RB
=
khK<U1KVW HIJ `Vq `LH^] W%OQJRK<S1KVe^KNkhH^M*KVJR`Z O^UTBhU1`3W O^kYk MPO^ZQKVWMJRH ZNKN`L`RBYU1g
ZN@`LWXH^ACBNKNSE]_H^J WXGKNBhJ+O^M1M1kYBhZNOQWXBYHIU1` OQW9U1K[WfiH^JEU1H S1KV`Nq?`RHWRGPOQW+MPO^Z^K[WX`
=
KNkhH^U1gIBhUgWXHWXG1HI`LK
rCorporate
Networks
Internet
Service
Provider
Internet
Video
Server
Data
Storage
Telephone
Network
Cellular
Network
Overlay Network
Sensor Network
Network Access
from homes
Medical facility
Ad hoc network
environment
Special purpose network
overlaid upon Internet
!+BYgI@1JLK
A
D
A

#fi@1JRJLKNU?W	KVW HIJT`RKV`
O^M1MkhBhZNOQWXBYHIU1`Z OQU
=
KCM1JRH ZNKV`R`LKNS O^`<WXG1K
>
O^JLKC]_HIJ %OQJRS1KVS D 	H 6WRGPOQWdWXG1KVJRK BY` `LBhgIU1BmlPZ OQUnW
@1`LKHQ]*WRG1KffiU?WXKNJLU1KVW$]_HIJflACO^U
>
S1B  KVJRKVUnWM@1JRMFHI`RKV`Nq K WXKVU1`RB
=
khKU1K[WfiH^Jn` ZNO^U M1kjO
>
OZVJR@1ZVBjO^k
JRH^khKBhU\MJRH e BhS1BYU1gpO^SeQO^U1ZVKNS M1JRH ZNKV`R`RBYU1gCO^M1M1JLHIM1JRBhOQWXK]_H^J%e^OQJ
>
BhU1gpO^MM1khBYZ OQWRBhHIU ZVJRBmWXKNJLBjOD
ffiGKNJRK GPO^`
=
KNKVU O`L@
=
`LWXO^U?WXBhO^k%eIHIkY@1ApK\H^]JRKN`LK O^JLZ G HIU JLK O^kYB NBYU1gO^US K
CZVBhKVUnWRk
>
HIMFKNJROQWXBYU1g K WXKVU1`RB
=
khKiU1K[WfiHIJn`ND ,-O^U
>
S1B  KVJRKVUnWCO^MM1JRH?OQZ G1KN`CGPO eIK
=
KVKNU MJRHIMFHI`RKVS/]_H^J
WXGK U1K[WfiHIJ ]_JRO^ApK HIJ O^US WXGK U1H S1KpBhU]_JRO^`LWRJR@1Z[WX@1JLK^DiU WRG1Bh`<S1Bh`L`RKVJLW ObWXBhH^U q  K `3WX@1S
>
WXKVZ G1U1BYo @KN`]_HIJACO^UPOQgIBhU1gpJRKV`RHI@JRZNKV`WXH\KVU1`R@1JLKcZNHIU`RBh`3WXKVUnWMFKNJ3]_HIJRACO^U1ZVK H^]$OQM1M1khBYZ OQWRBhHIU`ND
ffiG1KV`RKWXKVZ G1U1Bhon@1KV`Z O^U
=
KO^M1M1kYBhKNSCWXHcApHI`LWffiJLK O^kYBh`3WXBhZO^M1MJRH?O^Z GKN`ffiWXHcK WRKNU1`LB
=
kYKU1KVW HIJ `VD
    
	 fiffffifl  "!#fl$ff%& '(
UpHIJRS1KVJ9WXH
=
KVWRWRKNJfl@1US1KNJL`LW OQU1SCWRG1KffiJRKV`RHI@1JLZNKA OQUPO^gIKVACKVUnW9Bh`R`L@1KN`$BhUcK  WXKNU`RB
=
khKU1KVW HIJ `Vq
 K
=
KNgIBYU
=?>
K 1OQACBYU1BhU1gcWRG1KZNHIJLKdZVHIU1ZNKVMWX`O^U1SiWXG1K<ZN@JRJRKVU?WXk
>
O eQO^BYkjO
=
kYK]_JXOQACKfiHIJn`]_H^J
K WRKNU1`LB
=
kYK%U1KVW HIJ `BYU ApHIJRK S1KVWXO^Bhk D   H]_K OQWR@1JRKV`O^JRK KN`L`RKNU?WRBjO^k]_H^J+K WRKNU1`LB
=
kYK%U1KVW HIJ `VD
!+BYJR`LWNq'WRG1KpU1KVW HIJ AE@1`3W MJRH e BhS1KpM1JRH^gIJXO^ApACO
=
khKcZVHIApM*HIUKNU?WX`<HIU UKVW HIJ U1H S1KN`WXGPObW
tBhkYku] O^ZNBYkhBYWXOQWXKWXG1KES > U1O^ACBYZdBYU1`LWXO^khkhOQWXBYHIU\HIJWXG1Kd@1M*S1OQWXKdH^]flZN@`LWXH^ACBNKNS-M1JRH ZNKV`R`RBYU1g1DKNZ 
HIU1S q+WXG1KCU1KVW HIJ AE@`LWEACO^BYUnWXO^BhU BhU]_HIJRACOQWXBYHIU O = HI@W<WXG1K JRKN`LHI@1JLZNKN` JRKNon@1BYJRKVS ]_HIJ<`R@1Z G
O^M1MkhBhZNOQWXBYHIU1`VqIO^U1S ZVHIUlPgI@JRKO^M1M1JLHIM1JLBjOQWRK%JRKV`RHI@1JLZNKV`$WRH<BYU1S1BmeBYS1@PO^kO^M1MkhBhZNOQWXBYHIU `LKN`L`RBhH^U1`fiOQ`
U1KVKNS1KVS D
&uK[W@1`flBhkYkh@1`3WXJXObWXKfiGH  O^M1MkhBhZNOQWXBYHIU1` ACBYgIG?W9HIMFKNJROQWXK%BYUc`R@1Z GpU1K[WfiHIJn`ND #fiHIU1`LBhS1KVJO^U
O^M1MkhBhZNOQWXBYHIU G1BYZ GdBYU?eIHIkmeIKN` O^U<KNU?WXKVJRM1JLBh`LK$UKVW HIJ BYWRGAE@1kYWRBhM1kYK9`RBmWXKV`;WRGPOQW;ZVHIACA @1U1BhZNOQWXK
H eIKVJWRG1KcU?WXKVJRU1K[W DE`dO ACOQWLWXKNJH^]fiZVHIJRMFHIJROQWXKEMFHIkYBhZ > q BmWBh`JLKNon@1BYJRKNS WXG1OQWO^kYk+ZNH^ACAE@U1B 
Z ObWXBhH^U = KVW KNKVU ZVHIJRMFHIJROQWXK `RBmWXKN` = K-KNUZNJ > MWRKNS D ffiG1BY`CMFHIkhBYZ > ZNO^U = KTBYACMkhKNApKNU?WRKNS =n>
BhU`LW OQkhkhBYU1g<KNU1ZVJ > MWXBYHIU\ApHS1@khKN`%O^U1S\S1KVZNJ > MWRBhHIU\ApH S1@1khKV`%BhU M1JRHIg^JXO^ApA O = khKZNH^ACMFHIU1KVUnWR`
H^]$WXG1KpU1K[WfiHIJ U1H S1KN`VD ffiG1KVU q S@1JRBYU1g\WXG1KpZNHIApAE@1UBhZ ObWXBhH^U `RKV`R`RBYHIU q O^khk+MPO^Z^K[WX` O^JRK KNU 
ZNJ
>
MWXKVS OQW$HIU1KH^]FWXG1KU1K[WfiHIJcU1H S1KN`
=
K[]_HIJRKkYK O e BhU1gWXGKJLKNApH^WXKffiZVHIJRMFHIJXObWXKU1KVW HIJCOQU1S
S1KVZNJ
>
MWRKNSObWOQU1H^WXGKNJH^]+WRG1KU1KVW HIJiU1H S1KV`OQ] WRKNJWXG1K
>
KNU?WXKVJO ZNH^JRMFHIJXOQWRKU1KVW HIJvDffi'H
ZNH^U1`RKVJLeIK<WXG1K@`RK<H^]+UKVW HIJ
=
OQU1S BhSWXG qWRG1KKNU1ZVJ
>
MWRBhHIUTO^U1SiS1KVZNJ
>
MWRBhHIU ACO
> =
KZVHIA 
=
BYU1KNS BYWRG ZVHIApM1JRKV`R`RBYHIUTO^U1S S1KNZVHIACMJRKN`L`RBYHIUTApH S1@1khKV`ffiBY]'WXG1KSPObW O Bh`ffiBhU Oce BhS1KVH ]_H^JRACOQW D
ffiG1BY`K O^ACMkhKBh`ffi`LG1HUTBYU !+BhgI@JRK
A
D rq G1KVJRKK OQZ G-U1H S1K BYWRG OpM1JLHIgIJRO^ACACO
=
kYKZVHIApM*H	
U1KVUnW+Bh`;G1BYgIG1khBYgIG?WXKVSdOQU1SdWRG1K MJRH ZNKN`L`RBYU1gApHS@1khKflBYU1`LWXO^khkYKNSHIU<BYW'Bh`;`RMFKNZVBYlPKVS D+  G1BYkhKOU1HSK
comp
en-
crypt
comp
en-
crypt
de-
crypt
de-
comp
de-
comp
de-
crypt
de-
comp
data encrypted
here
destination
source
data decrypted
here
data compressed
here
compressed data
transmission.
( less bandwidth is used )
data decompressed
here
: encryption nodes
: decryption nodes
en-
crypt
de-
crypt
: compression nodes
: decompression nodes
comp
de-
comp
corporate
network
of source
corporate
network
of destination
! BhgI@1JLK
A
D r

 1OQACM1kYKH^] ZNHIApAE@1U1BYZ OQWRBhHIU
=
K[WfiKVKNU-W HCZVHIJRMFHIJROQWXKU1K[WfiH^Jn`
Z OQUCZVHIU?W O^BYUCAE@kYWXBYM1khKfiM1JRH ZNKV`R`RBYU1g<ACH S1@1kYKN`Nq  KO^JRK`RGH BYU1gdO<`LBhApM1khBmlPKNScZNO^`RK G1KNJLKH^U1k
>
HIU1KMJRH ZNKN`L`RBYU1g ACH S1@1kYKBh`%BYU1`LWXO^khkYKNS H^U KNO^Z G H^];WXG1KM1JLHZVKN`R`LBhU1g KNU1O
=
khKVS\U1H S1KN`VDfiU1ZVK<O^khk
DWXGKdU1KVZNKV`R`XOQJ > M1JRH ZNKV`R`RBYU1gpACH S1@1kYKN`O^JRKBYU1`LWXO^khkYKNS OQWU1KVW HIJ UHS1KV`NqPWXHp`RK[W@M O^UTO^M1M1kYB 
Z ObWXBhH^U-`RKV`R`LBhHIU q fiKEA @1`LWZNHIUl1gI@1JRKEO^M1M1JLHIM1JRBhOQWXKdJRKV`RHI@1JLZNKV`NDU HI@JKO^ApM1kYK^q MJRH ZNKN`L`RBYU1g
JRKV`RHI@JRZNKV`fiOQJRKffiJRKVon@1BhJLKNScWXHGPO^US1khK%WRG1KffiZNHIApM1JLKN`R`LBhHIU qIWXG1KKNUZNJ > MWRBhHIU qnWRG1KffiS1KVZNJ > MWRBhHIU qOQU1S
WXGKffiS1KNZVHIACMJRKN`L`RBYHIU M1JRH ZNKV`R`RBYU1g1q G1BYkhKffiO^kY`RH`ROQWXBY`L] > BhUgWXG1KffikYHZNOQWXBYHIUEJRKV`LWRJRBhZ[WXBYHIUEWXGPObWflA OQBhU 
W OQBhU1`%WRG1K`RKVZN@1JLKNU1KV`R`HQ] WRG1KZNHIApAE@1U1BYZ OQWRBhHIU D+kY`RH1qO^S1KVo @1OQWXK = O^US BhSWRGTBY`%JRKVon@1BhJLKNS HIU
WXGK\JRHI@WRK WXGPObW ZNHIU1UKNZVWR`pWRG1K\`RH^@1JRZVKTOQU1S"WXG1K\S1KV`LWRBhUPOQWRBhHIUfe BhO-WXG1Ki`RKVkhKVZVWXKVS MJRH ZNKN`L`RBYU1g
U1H S1KN`<BhU WXGK gIBmeIKNU HIJLS1KNJVD ffiG1K kYBhU n`<O^U1S WXG1KpM1JLHZVKN`R`LBhU1gTU1H S1KN`d@1`RKVS =?> WXG1KpZNHIApAE@ 
U1BYZ OQWRBhHIU-O^JRKE`LG1HU @1`RBYU1g WXGBhZ khBhUKN`BYU!+BYgI@1JRK
A
D rDWXG1KVJO^M1MkhBhZNOQWXBYHIU KO^ApM1khKV`A O >
BhUZNkh@S1K ZVHIU1gIKV`LWXBYHIUfZVHIU?WXJRH^k q ]_H^JRACOQW ZVHIU?eIKVJR`RBYHIU qO^USfSPOQWXO-Z O^Z GBhU1g1q9O^khHIUg BYWRG H^WRG1KNJL`
>
K[WWRH
=
KJRKVZNHIg^U1B VKNS D
ffiGKNJRK OQJRK `LKVe^KNJXOQk9M*H^`R`RB
=
khK O^M1M1JLH?O^Z G1KV`WXH JRK OQkhB VBhU1g WXGKEM*HQWXKNU?WRBjO^k;H^]flWRG1Bh`K WXKVU 
`RB
=
khK\UKVW HIJ"WXKVZ G1U1HIkYHIg
>
D/ZVWRBYeIK U1K[WfiHIJnBhU1g 
A
q$rqtq DBY`cHIU1Ki`R@1Z G4O^M1M1JLH?O^Z G D/U
WXGK
=
KN`3WnU1HU e^OQJRBjOQUnWHQ]flO^Z[WXBYe^KdUKVW HIJnBhUg1qPWXG1KZ OQM1`R@1kYKdApH S1KNk EBq
M
q,Q qvMPO^ZQKVWR`O^JLK
BhU?WRKNJRMJRKVWRKNS
=?>
JLHI@WXKVJR` O^`cMJRHIgIJRO^Ap` WXH
=
K KKVZN@WRKNS q JXOQWRG1KNJEWRGPO^UL@1`3WpO^`cSPOQWXO-WXH
=
K
]_HIJ %O^JLS1KNS D"@1Z G/KKVZN@WRBhHIU q$G1H KVeIKVJNq M*HI`LKN` `RKVJRBYHI@1`c`RKVZN@1JLBYW
>
ZNHIU1ZVKNJLU1`ND/,TH^JRK\JRKNO^khBY` 
WXBYZ<eQO^JLBjO^U?WR`H^]OQZVWXBmeIKEUKVW HIJnBhUg BhU?eIH^kYeIKdWXG1KdS
>
UPO^ApBhZ K KNZN@WXBhH^U H^]flWXJL@1`LWRKNSM1JLHIgIJRO^AC`
HIU
=
KNGPO^km]$H^]$BhU1S1Bme BhS1@POQk+O^MM1khBYZ OQWRBhHIU `LKN`L`RBhH^U1` ECq
N
 quBYUJRKV`RMFHIU1`RKcWRH `LBhgIU1O^khBYU1g ApKN`L`XO^gIKV`
KZ GPOQU1gIKNS OQWWXG1Kd`LW OQJLWH^]$OC`RKN`L`RBYHIU	 
A
s
 DWRG1KNJ]_HIJRAp`H^]K  WXKNU`RB
=
khKEU1K[WfiH^Jn`BhU1ZVkh@1S1K
H eIKVJRkjO
>
U1KVW HIJ `VD%e^KNJRkhO
>
UKVW HIJn`GPO eIK
=
KNKVU\KM1kYHIBYWRKNS WRH BhU?WRJRH S1@1ZNKU1K `RKVJLe BhZVKN`fiWRH
O^UcK BY`LWRBhU1gUKVW HIJvD$eIKVJRkjO
>
U1KVW HIJ `ZVHIACMJRBh`LK%O`L@
=
`RK[WH^]v`RKVJLe^KNJR`WXG1OQW9ZVHIACA @1U1BhZNOQWXK
WXGJRHI@1g^GCWXGK@1U1SKNJRk
>
BhU1g<U1KVW HIJFq1O^U1S ZNO^U
=
Ke BYK KNS\O^`$K WRKNU1`LB
=
kYKU1K[WfiHIJn` G1KNJLKWXGK
`RKVJLe^KNJR` OQZVW O^`dK WXKVU1`RB
=
khK U1HSKN`NqflH^JdM1JLHIgIJRO^ACACO
=
kYK JRHI@WRKNJL`NqflZ OQMPO
=
kYK H^]ffiG1O^U1S1kYBhU1gTU1K
`RKVJLe BhZVKN`VD :fiKVZ O^@1`LK WXGKC`LKNJLe^KNJL` Bhkhk
=
K `LGPO^JLKNSfHIUk
> =?>
O^M1M1kYBhZ ObWXBhH^U1``R@1M1MFHIJ3WXKNS
=n>
WXGK
H eIKVJRkjO
>
U1K[WfiHIJvqfiK Z O^U K KVZVWRBYeIKVk
>
M1JRH^gIJXO^A OQU1S S1KVM1khH
>
U1K0`LKNJLe BYZNKN`ZN@1`3WXHIApB VKNST]_H^J
WXGK O^M1M1kYBhZ ObWXBhH^U1`NDffiG1BY`S1Bh`L`RKNJ3W OQWRBhHIUBY`HIJLBhKNU?WRKNSWXHfiO^JRS O e BhK H^] K WXKVU1`RB
=
khKcUKVW HIJn`
G1KVJRKcZN@`LWXH^ACBNKNSMJRH ZNKN`L`RBYU1g\HIJ`LKNJLe BYZNKN`ZNO^U
=
KcBhU1`3W O^kYkhKNSTH  khBYU1KBhU?WXH\MJRHIgIJRO^ApA O
=
khK
U1K[WfiHIJ-KVkhKNApKNU?WR`Nq OQU1S Z OQU
=
Kd@1`RKVS
=?>
BYU1S1BYe BYS1@PO^k;O^MM1khBYZ OQWRBhHIU `RKV`R`RBYHIU1`VquO^`BYU-JLK O^kYBh`LWRBhZ
BeQO^JRBhO^U?WX`H^]9O^ZVWRBYeIKU1K[WfiH^Jn`HIJffiH eIKVJRkhO > U1K[WfiH^Jn`NDffiKNJLK^qvWXG1K@1`LK H^] M1JRH^gIJXO^ApACO = khKU1KVW 
 HIJCKNkhKVACKVU?WX`ffiZ OQU = KZVHIU?WXJLHIkhkYKNS\KNBmWXG1KVJ =?> O^SACBYU1Bh`3WXJXObWXBYe^KNk > S1KVWRKNJLACBYU1KNSpM*H^khBhZVBhKV` HIJ =n>
@1`LKNJ BhU1BmWXBhOQWXKVS\`RBhg^UPO^khBYU1gEApKN`L`XO^gIKV`ND
	H WRGPOQW  K GPO e^K = JRBYK > S1BY`RZN@`R`RKVS HI@1JCe BYK H^]K WRKNU1`LB = kYK U1KVW HIJ `VqkYKVWC@1`
khH H  OQWWRG1KcA OQBhU JLKN`RH^@1JRZVKN`WXH = KcZNHIU`RBhSKNJRKVS O^U1S G1H WRHiA O^U1O^gIKdWRG1KNA BhU K WRKNU1`LB = kYK
U1K[WfiHIJn`ND`flApKNU?WXBYHIU1KVS q?ZNHIU?e^KNU?WXBYHIUPO^kvO^MM1khBYZ OQWRBhHIU1` O^JLKffiMPO^`R`LBYe^KBYUEWXG1KVBhJ9@`RKH^]FU1KVW HIJ
JRKV`RHI@JRZNKV`

ffiGK > ZVHIU]_HIJLA WRH l KNS M1JRHQWXH ZNHIkY` BhU WXG1K @U1S1KNJLk > BhUg"U1KVW HIJn`VqO^U1S2H^U1k >
WXGK khBYU  = OQU1S BhSWXGfBY`dZVHIU1`RBYS1KNJLKNS O `RGPO^JLKNSfJLKN`LHI@1JRZVK^D-HfiK[eIKVJNqflWXG1KCZN@1JLJRKVUnW WXJRKVU1SfBYU
O^M1MkhBhZNOQWXBYHIU1`Vq+MPO^J3WXBYZN@1khO^JRk > BhUfK  WXKNU`RB = khK U1K[WfiH^Jn`Nq$`RG1H`cApHIJRKCZNHIApM1JLKNG1KVU1`RBmeIK\@1`LK H^]
U1K[WfiHIJ JLKN`RH^@1JRZVKN`Nq$JRKVon@1BhJLBhU1g `LHIApK U1K[WfiHIJ U1H S1KV`EWXH M1JLH eBYS1K M1JLHIgIJRO^A ACH S1@1kYKN`EOQU1S
O^`L`RH ZNBjObWXKNS M1JLHZVKN`L`RBhUg JLKN`RH^@1JRZVKN`ND   G1BYkhK kYBhU 
=
O^U1S BhSWRG ApKNS1BhOfBh`\`3WXBhkYkO^U KV`R`RKVU?WXBjOQk
JRKV`RHI@JRZNK BYUK WXKVU1`RB
=
khKcU1K[WfiH^Jn`Nq U1K JRKV`RHI@1JLZNKV` O^JLKcU1KNZVKN`L`XO^J
>
WXH\MFKNJL]_H^JRA ZV@1`LWRHIApB NKVS
M1JLHZVKN`R`LBhU1g HIJ O^Se^OQU1ZNKVS2`RKNJ3e BhZNKV`\HIU4U1K[WfiH^J UHS1KV`ND7ffiGKNJRK O^JRK-W H
=
JLH?O^S WXO^`n`\BYU
`R@M1M*H^JLWXBYU1gcWXG1K<O^MM1khBYZ OQWRBhHIU1` JRKVo @BhJRBYU1g ZN@1`3WXHIApB VKNS M1JRH ZNKV`R`LBhU1gc]_JRH^A U1KVW HIJ `VD
 
#fiH^UlPgI@1JLKKNO^Z GiO^M1M1kYBhZNOQWXBYHIU `RKN`L`RBYHIU BYWRG JRKV`RHI@JRZNKV`ffi`R@ 
pZVBhKNU?W%WRHEgI@POQJXO^U?WXKVKZVHIU1`RBY`LWRKNU?W
MFKNJ3]_HIJRACO^U1ZVKO^U1SiK
pZVBhKNU?W@1`XOQgIK
 
)flJLH e BY`RBhH^U WXG1K U1K[WfiHIJ BYWRG `L@ 
pZNBYKNU?W UKVW HIJ JLKN`RH^@1JRZVKN`WXHi`XOQWRBh`3]
>
WXG1KpO^MM1khBYZ OQWRBhHIU
JLKNon@1BYJRKNApKNU?WR`OQU1S-OQkh`RH OQZNZNH^ACApHS1OQWXKWRG1KA O BYAE@1A O^U?WXBhZVBhMPObWXKNS WRJXO	
pZ
ffiG1KV`RKW O^` `VqQZVHIUlPg^@1JRBYU1gO^M1M1kYBhZ ObWXBhH^U`RKV`R`LBhHIU1` O^U1SM1JLH eBY`RBYHIU1BhUgfiWXG1KU1K[WfiH^Jvq^OQJRK`LWR@1S1BhKVS
K WRKNU1`LBYeIKVk
>
BhU WXGBh`$S1Bh`L`RKNJ3W OQWRBhHIU D+ffiG1KU1K WfiW H `LKNZ[WXBhH^U1`fiBYUnWRJRH S1@1ZVKWRG1KNA6BYUCApHIJRKS1K[W O^BYk D
   ffffi	fl 
 fl$ff	fl   
	  ffffifl (
&uKVW@1`l1JR`LW<ZVHIU1`RBYS1KNJWRG1KEW OQ`-HQ] ZVHIUlPg^@1JRBYU1giJRKN`LHI@1JLZNKN`]_HIJO^M1M1kYBhZ ObWXBhH^U `RKV`R`RBYHIU1`BhUK  
WXKVU1`RB
=
khK U1KVW HIJn`VD"KVJRK^q O^M1MkhBhZNOQWXBYHIU `LKN`L`RBhH^U1` O^JRK\BYU1`LWXO^U1ZVKN`cH^]U1K[WfiHIJ"O^M1MkhBhZNOQWXBYHIU1`
WXG1OQWdO^JRK BhUBYWXBhOQWXKVS ]_HIJBhU1SBYe BhS1@1O^k9@1`LKNJR`VD\:fiKVZ O^@1`LK H^] l KNS M1JRH^WRHZVHIkflkjO
>
KNJR`Vq+K[eIKNJ
>
U1HSK
BhU-ZNHIU?eIKVU?WXBhH^UPO^kflU1K[WfiHIJn`WRJRKNOQWX`O^kYk M1O^Z^K[WX`BhU O G1H^ACHIg^KNU1KVHI@1` fiO
>
DEO^Z G `LBhApM1k
>
S1K 
ZNBYS1KN`G1KNJLK WXH JLHI@WRK K O^Z G"M1O^Z^K[W qA OQBhU1k
>=
O^`LKNS"HIU"BmWX`<S1KN`3WXBhU1OQWXBYHIU qflO^US ]_HIJfiO^JLS1`EBYW
MO^ZVZNHIJLS1BhU1giWXHiWXGKpSKNZNBY`RBYHIU DpffiG1KNJLKV]_HIJLK^q WRG1KNJLKCBY`U1HTUKNKNS WXH S1Bh`3WXBYU1gI@1BY`RG BhU1SBYe BhS1@1O^kflO^M 
M1kYBhZ ObWXBhH^Uf`RKV`R`RBYHIU1`pBhU ZNH^Une^KNU?WXBYHIUPO^kffiUKVW HIJn`ND U K WXKVU1`RB = khKiU1K[WfiHIJn`NqffiG1H KVeIKVJNq%KNO^Z G
O^M1MkhBhZNOQWXBYHIU `LKN`R`LBhHIU ACO > U1KNKVS WRH = KcM1JLHZVKN`L`RKNS S1B*KNJLKNU?WXk > O^ZVZNHIJLS1BhUgiWRHiBYWX`MJRH ZNKN`L`RBYU1g
JRKVon@1BhJLKNApKNU?W D WACO > KVe^KNU-UKNKNSTWXH = KJRH^@WXKVSTWXGJRHI@1g^G-O S1B*KNJLKNU?WMPOQWXG BhU HIJLS1KNJffiWXHpKNU 
`R@JRKWXGPObW%WXG1KM1O^Z^K[WX` = KVkhHIU1g^BhU1g<WXHcWXG1K`LKN`L`RBhH^UTOQJRKJRH^@WXKVSiWRG1JRH^@1gIG\M1JLHZVKN`R`LBhU1g Z OQMPO = kYK
U1H S1KN`VD HpACKVKVWffiWRG1KN`LKdU1KVKNS1`VqFW HpJRKNon@1BYJRKVACKVUnWR`AE@1`LW = K`XOQWRBh`Ll1KNS D$!+BYJR`LWNqPOcJRHI@WXKAE@1`3W
= KcS1KVWRKNJRApBhUKNS]_HIJK OQZ G O^MM1khBYZ OQWRBhHIU `LKN`L`RBhH^U WRGPOQW`XObWXBh`3lPKN`WRG1KcM1JRH ZNKV`R`LBhU1g JRKVo @BhJRKVACKVU?W
fi
OQU1SiM*HI`L`RB = k > WXG1K = O^US BhSWRGTJLKNon@1BYJRKNApKNU?W	flffiHQ] WRG1K`RKN`L`RBYHIU D KNZVHIU1S q1WRH gI@PO^JRO^U?WXKNKWRG1KNBYJ
O eQO^BhkhO = BhkYBYW > q JLKN`LHI@1JRZVKN`AE@1`3W = K`RKVZN@1JLKNS-]_H^J%WXG1KS1@1JROQWXBYHIU\H^] WXG1K`RKV`R`LBhHIU D
ffiGK\Bh`R`L@1K HQ]S1KVWRKNJRApBhUBhU1gTJRHI@WRKN`dBh` UH^WEU1KD9eIKVU/BYU ZVHIU?eIKNU?WRBhHIUPOQk%U1KVW HIJ `Vq
WXGK JRHI@WXBhUg-S1KVZNBh`LBhHIU AE@1`LWE`LWXBYkhk
=
K A OQS1KC]_HIJ<K OQZ G/M1O^Z^K[W q$O^kYWRG1HI@1g^G U1HS1BY`LWRBhU1Z[WXBhH^U BY`
U1KVZNKN`L`XO^J
>
]_HIJ$S1B  KVJRKNU?WfiO^M1M1kYBhZNOQWXBYHIU1`Nq O^US HIU1KJRHI@WXBhUgdApKVWRG1HSCBh`$`R@ 
pZVBhKNU?W%]_H^JfiO^kYkvO^M1M1kYB 
Z ObWXBhH^U1`ND$ffiG1KNJLKdG1O^`
=
KNKVU OcgIH HSiS1KNO^k;H^]9JLKN`LK O^JLZ G-HIU ZNHIApM1@WRBhU1g HIMWXBhACO^k JLHI@WRKN`NDfi,THI`3W
O^kYgIHIJRBmWXG1Ap`'KNApM1khH
>
KNBYWRG1KNJ WXG1KffiS1BY`LWXO^U1ZNK%e^KNZ[WXHIJO^MM1JRH?OQZ GpH^J+WXG1KffikYBhU `3W OQWRKO^M1M1JLH?O^Z G 
A A
 D
ffiG1K BhApM1kYKNApKNU?WXKVSM1JRH^WRHZVHIkh`BhU1ZVkh@1S1KdWXG1Kp
) M1JLH^WXH ZNHIk  
A
r q'<)$!  
A
t  q;O^US )		  
A
D  D
ffiG1KZVHIApACHIUCgIH?O^kFH^] WRG1KJLHI@WXBYU1gEOQkhgIHIJLBYWRG1AC`BY`$WRH lPU1S WRG1KHIMWRBhACO^kPMPOQWRG1`fi]_HIJ M*HQWXKNU?WRBjO^k
MPO^BYJR`dH^]ffiU1H S1KN`dWXGPOQW A O
>
U1KVKNSfWXH-ZNHIApAE@1U1BYZ OQWRK^q gIBYe^KNU O-ApKVWRJRBhZ ]_HIJ<khBYU n` BhU WXG1K U1KVW 
 HIJvD$O^Z G\H^]uWXGKN`RKOQkhgIHIJLBYWRG1AC`flBY`
=
OQ`RKNSiHIU O `RG1H^JLWXKV`LWffiM1OQWXGiO^kYgIHIJLBYWXGATD'U WXGKJRHI@WXBhUg
O^kYgIHIJRBmWXG1Ap`Nq'WXG1K ACK[WXJRBYZ @1`LKNS WXHApK O^`L@1JRKCWXG1K\on@PO^kYBYW
>
H^]O JRH^@WXK ZNO^U
=
KiO^`E`RBYACMkhK OQ`
WXGKUn@1A
=
KNJ H^];G1HIM1`  
A
r  D+ HcOQZ G1BhK[eIKApHIJRK`RMFKNZVBYlPZgIH?O^kY`NqnH^WXGKNJfiApKVWRJRBYZN`$GPO eIKO^kY`RH
=
KVKNU
O^M1MkhBhKVS WXHpJRHI@WXKN`VqP`R@1Z G-O^`S1KNkhO
>
HIJO eQO^BhkhO
=
khK
=
O^U1S BhSWRG  
A
Bq
A M
 D
ffiGKN`RKpJRH^@WXBYU1giO^khg^HIJRBmWXG1Ap`OQJRKEU1HQW quG1H KVeIKVJNq'S1BhJLKNZ[WXk
>
O^M1MkhBhZNO
=
kYKdWXHiZVHIUlPgI@JRBhUg
O^M1MkhBhZNOQWXBYHIU`RKV`R`LBhHIU1`dBhU K WXKVU1`RB
=
khKpU1K[WfiHIJn`NDT!vH^JdOigIBmeIKNU O^M1M1kYBhZNOQWXBYHIU`RKV`R`RBYHIU q BYW<A O
>
U1H^W
=
K `R@ 
pZNBYKNU?W<WXHilPU1S O `LG1HIJLWRKN`3W MPObWXG WXH `XOQWRBh`L]
>
WXG1K M1JLHZVKN`R`LBhU1gTJRKVo @BhJRKVACKVU?W DpffiG1K
`RGHIJLWRKN`LW MPOQWXG ZNHIApM1@WRKNS4BYU WXGK-ZNH^Une^KNU?WXBYHIUPO^k %O
>
A O
>
U1H^WCBhUZNkh@S1K O^U
>
M1JLHZVKN`R`LBhU1g 
Z OQMPO
=
kYK U1H S1K^D- eQO^khBYS JLHI@WXKQqflG1HfiK[eIKVJNq$AE@1`LW BhU1ZVkh@1SK OQW khK OQ`LWEH^U1K `RK[WcH^]U1H S1KV` WXGPObW
Bh` Z O^MPO
=
khK\H^]WRG1K\M1JRH ZNKV`R`LBhU1g1D U HIMWRBhACO^k JLHI@WRK\AE@1`LW
=
K\HIUK HQ]WRG1HI`LK e^OQkhBhS JRHI@WRKN`Vq
G1KVJRK^q^BhUdO^S1S1BmWXBhH^UWRHWRG1K$BhApMPO^ZVW;HQ]1@1`LBhU1gkhBhU JRKV`RHI@JRZNKV`NqIWRG1K BYACM1O^ZVW;H^]@1`RBYU1gMJRH ZNKN`L`RBYU1g
JRKV`RHI@JRZNKV`flBh`flOQkh`RHZNHIU`RBhSKNJRKVS D!P@1JLWRG1KNJLACH^JRK^qQBhUcO`RBYWR@POQWRBhHIU GKNJRK WXG1KffiM1JLHZVKN`L`RBhUgZ GPO^U1gIKV`
QWXGK khBYU  = O^U1S BYSWXG qWRG1K JLHI@WXK-`RKNkYKNZ[WXBhH^U4A O > O^kh`LHfU1KVKNS4WXH"JLKPKVZVW\WRG1K K*KNZ[W\H^]WXGK
eQO^J > BYU1g = O^US BhSWRG D!+BYgI@1JRK
A
D t `RG1H`O^U K O^ACMkhKH^];`L@1Z Gi`RKV`R`RBYHIU1`Vq G1KNJLKZNHIApM1JRKV`R`LKNS
e BhS1KVH-SPObW OiBh`<`RKNU?Wd]_JRHIA O `RHI@JRZNKpWXHTOTJLKNZNKVBYe^KNJGBhZ G BY`BhU1ZNO^MPO = kYK H^]ffiMFKNJL]_H^JRApBhU1g\WXGK
O^`L`RH ZNBjObWXKNS S1KVZNHIApM1JLKN`R`LBhHIU M1JLHZVKN`L`RBhUg1DcKVJRKQq;WRG1K BhU1BmWXBhO^kueBYS1KNHi`3WXJRKNO^A quZNHIApM1JRKV`R`LKNS =n>
A
s

A
q?BY`fl`RKNU?W$]_JRHIA0WXG1K`LHI@1JRZVKOQU1SCBY`flS1KNZVHIApM1JRKV`R`RKVS OQW$OM1JLHZVKN`R`LBhU1g<U1H S1KffiKNUCJRHI@WXK%WXHWXGK
JRKVZNKVBYeIKVJND:fiKNZNO^@1`RK S1KNZVHIACMJRKN`L`RBYHIU M1JLHZVKN`R`LBhU1g KMPO^U1S`SPOQWXO = O^U1S BhSWRG q*BmWBY`MJRKV]_KVJRJLKNS
WXH MFKNJ3]_HIJRA WXG1BY`ffiM1JRH ZNKV`R`RBYU1g ZNkYHI`RKWRH WRG1KS1KV`LWXBYUPOQWRBhHIU DflffiGK<Z GHI`RKVUTJLHI@WXKOQU1STMJRH ZNKN`L`RBYU1g
U1H S1KO^JRKffi`LG1HU =?> WRG1BhZEkYBhU1KV`flBhU !+BYgI@1JLK
A
D tD+UpgIKNU1KVJXO^k q?JRHI@WXBhUgACK[WXG1H S1`BhUcK WRKNU1`LB = kYK
destination
source
compressed video
(ratio of 10:1)
stream sent from source
decompressed video
stream takes 10 times
more bandwidth
video decompression
occurs here.
de-
comp
de-
comp
de-
comp de-
comp
!+BYgI@1JLK
A
D t

BhSKNHcWXJRO^U1`L]_KVJO^M1M1kYBhZ ObWXBhH^U BYWRG SKNZNH^ACM1JLKN`L`RBhH^UTM1JLHZVKN`L`RBhUg
U1K[WfiHIJn`pA @1`LWEWXO ^K\BYU?WXHO^ZVZNHI@UnW WXG1K\BYACMPOQZVWdH^]@1`RBYU1g khBYU  JRKV`RHI@1JLZNKV`NqWXG1K BYACM1O^ZVWdH^]
@1`LBhU1g M1JLHZVKN`R`LBhU1g JLKN`RH^@1JRZVKN`NqWRG1K
=
O^US BhSWRG2e^OQJRBjObWXBhH^U4S1@1KWXH M1JLHZVKN`L`RBhUg1qO^US HQWXG1KVJ
O^M1MkhBhZNOQWXBYHIU Z GPOQJXO^Z[WXKNJLBh`3WXBhZV`%WXGPObWO	 KVZVWffiWRG1KJRKN`LHI@1JLZNK`RKVkhKNZ[WXBYHIU D$#fiGPO^MWXKNJL`rcO^USTtc`3WX@1S
>
ApKVWXGHS1`%WRGPOQWZ OQU
=
KO^M1M1kYBhKVSiWRH S1BYe^KNJR`LK OQM1M1khBYZ OQWRBhHIU`%O^U1S `RBmWX@PObWXBhH^U1`ND
`ffiACKVU?WXBhH^U1KNS qnWXGK`RKVZNHIU1SiJLKNon@1BhJLKNApKNU?WffiBYU ZNHIUlPgI@1JLBhU1gcOQM1M1khBYZ OQWRBhHIU `LKN`R`LBhHIU`ffiBh` WRH
gI@POQJXO^U?WXKVK JLKN`RH^@1JRZVKiO eQO^BYkjO
=
BhkhBmW
>
D &;K[WE@1`dZNHIU`RBhSKNJEOT`RBYWR@POQWRBhHIU G1KNJLK WXGK JRKV`RHI@1JLZNKV`EJRK 
on@1BhJLKNScWXHZVHIUlPg^@1JRKO^U OQM1M1khBYZ OQWRBhHIUd`RKV`R`RBYHIUpGPO eIK
=
KNKNUpBhSKNU?WXBmlPKNS
=?>
WRG1KffiJRH^@WXBYU1gApKVWXGHS D
U H^JRS1KVJdWXHTgI@PO^JRO^U?WXKVKCZVHIU1`RBY`LWRKNU?WcMFKNJL]_H^JRACO^U1ZNKc]_HIJWXGK `RKV`R`LBhHIU q M1JRH^M*KVJdZNO^MPO^ZVBYW
>
AE@1`3W
=
K ACO^BYUnWXO^BhUKNS OQWpK OQZ G H^]WXG1K JRKV`RHI@JRZNKV`p]_H^J WRG1KiS1@1JROQWXBYHIU H^]WRG1Ki`RKN`L`RBYHIU D2 BhgIUPOQkhkhBYU1g
Bh`JRKVo @BhJRKVS WXH MFHIkYk'KNO^Z G JRKV`RHI@1JLZNKE]_HIJO e^OQBhkjO
=
BhkYBYW
>
O^U1S WXH `RKNZV@1JRKEWRG1KEJLKNon@1BhJLKNSZNO^MPO^ZVBYW
>
D
C  K Bhkhk = JRBYK > S1Bh`LZN@1`L` M*HI`L`RB = khK fiO > ` WRH BhApM1khKVACKVUnWdWXG1K\`LBhgIU1O^khkYBhU1gTO^U1S"WXGK JLKN`LHI@1JRZVK
JRKV`RKVJLeQOQWXBYHIU\]_HIJffiK WRKNU1`LB = kYKdU1K[WfiH^Jn`ND
      ffi
  	 
fiffffifl (
U #fiGPO^MWRKNJ D H^]WXG1BY`\S1Bh`L`RKNJ3W OQWRBhHIU q  K ZVHIU1`LBhS1KVJiO SB*KNJRKVU?WTMFKNJL`RMFKNZ[WXBYe^K HIU JLKN`LHI@1JRZVK
ACO^UPO^gIKVACKVU?WBYUiK WXKVU1`RB = khK<U1KVW HIJ `Vq*WRG1KdUKVW HIJiS1KV`RBhg^U D% fiKVkhk;S1KV`RBhg^U1KNSTU1KVW HIJiBY`
ZNJL@1ZNBhO^k*WRHcS1KNkYBYe^KNJRBYU1gEMFKNJ3]_HIJRACO^U1ZVKgI@PO^JRO^U?WXKVKN`%]_HIJfiO^M1M1kYBhZ ObWXBhH^U1`ND+: > ZNO^JRK[]_@1khk > SKVWXKVJRApBhU 
BhUg G1KVJRK WRH M1khO^ZNKdJRKN`LHI@1JLZNKN`O^U1S G1H0AE@1Z G-Z O^MPOQZNBYW > WRH O^`L`RBhg^U-WXHCK O^Z GJLKN`RH^@1JRZVK^q HIUK
Z OQU M1khO^U OiU1K[WfiHIJ WRGPOQW BhkYkflK*KNZ[WXBYe^KNk
>
`RKNJ3eIK WRG1KpKM*KVZVWRKNSfWXJRO	
pZ GBhkhK ApBhU1BYACBNBYU1g
WXGKcZNHI`3WdHQ]fiS1KVM1khH
>
ApKNU?W Dc(KVM*KVU1S1BYU1g\HIUWXG1K M1@JRMFHI`RK H^]WXGKpUKVW HIJvq;WXG1KcZ GPOQJXO^Z[WXKNJLBh` 
WXBYZN`<H^]O^MM1khBYZ OQWRBhHIU1`Vq'O^U1S WRG1KCWRJXO	
pZ M1OQWRWRKNJRU` H^]ffi@`RKNJL`Nq9WRG1KCH^MWXBYA O^kflSKN`RBYgIUfACO
>
e^OQJ
>
D
ffiG1KcH
=
LKNZVWRBYe^KEBh`WRH S1KV`RBhg^U O^U1S ZVHIUlPgI@JRKcK WRKNU1`LB
=
kYKEU1KVW HIJ `WRGPOQWOQJRKEgI@1O^JXO^U?WRKNKNS WRH
GPO eIKd`R@ 
pZVBhKNU?WUKVW HIJ
=
O^US BhSWRGO^U1STM1JRH ZNKV`R`LBhU1gCJRKN`LHI@1JLZNKN`WXH ApKNK[WK M*KVZVWXKVS WXJRO	
pZ
S1KVA O^US1`ND$!+BYgI@1JRK
A
DEDp`LG1H`O UKVW HIJ ZVHIApM*HI`LKNSiH^]'l1eIKkYHZNOQWXBYHIU1`fiBYU WXG1KUHIJLWRG1K O^`3WXKVJRU
Total incoming and
outgoing traffic is at
most 500Mb/s, each
at New York
500Mb/s at
Philadelphia
800Mb/s
800Mb/s
500Mb/s
500Mb/s
200Mb/s
200Mb/s
200Mb/s
200Mb/s
300Mb/s
300Mb/s
200Mb/s at
Indianapolis
300Mb/s at
Detroit
300Mb/s at
Cleveland
Traffic required for link
(Philadelphia, Indianapolis)
To satisfy the traffic expectation at all
cities, 800Mb/s required
for (New York, Cleveland)
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A
DED

 O^ACMkhKH^] U1KVW HIJ\S1KN`LBhgIU
UBYWXKVSp W ObWXKN`VD9UEWXGBh`+UKVW HIJvq?WXG1KffiH^@WXgIH^BhU1gO^U1ScBhUZNHIApBhU1gWXJRO	
pZ%Bh`+OQWflApHI`LW B^sIs,
=
Q`
OQWfi	K4ff$HIJpO^U1S )flG1BhkhO^S1KNkYM1G1BhOqntIsIs ,
=
Q`fiOQW%(K[WXJLHIBYW O^U1S #fikhK[eIKNkhO^U1S qO^U1S r^sIsE,
=
Q`%ObW
NU1S1BhO^UPO^MFHIkYBh`ND  H O^ZNZVHIACApH SPOQWXKOQU > WRJXO	
pZdWRGPOQWH = K > `WRG1KN`LK ZNH^U1`LWRJXO^BYUnWR`NqFWXG1K<U1KVW HIJ
AE@1`3WGPO eIK = O^U1S BYSWXGi]_HIJK O^Z GTkhBYU  O^``RMFKNZVBYlPKVS-BYUiWRG1KlPgI@1JLK^qFO^`R`L@1ApBhU1gcWXG1OQWWXJXO 
CZBY`
JRH^@WXKVSTWXGJRHI@1g^G-`RGHIJLWRKN`LWMPOQWRG1`ND@1JO^M1MJRH?O^Z G-K WXKVU1S1`WRG1Bh`ZNH^U1`LWRJXO^BYUnW  = OQ`RKNSTU1KVW HIJ
S1KV`RBhg^UTApKVWRG1HSHIkhHIg >  
A
Q uWRH K WXKVU1`RB = khKU1K[WfiHIJn`ND
#fiH^U1`LWRJXO^BYUnW  = OQ`RKNS S1KV`RBhg^UTH^] ZNH^Une^KNU?WXBYHIUPO^kuUKVW HIJn``3W O^J3WX` BYWRG O `LKVWH^] U1KVW HIJ
khH Z ObWXBhH^U1`Nq'HIJ `LBYWRKN`Nq9O^U1S O-`LKVWEHQ]ffiWXJXO 
CZCZNHIU`LWXJRO^BhU?WR`ND UfWRG1K `LBhApM1khKV`LWdZ O^`LK^q9WXGK WXJRO	
pZ
ZNH^U1`LWRJXO^BYUnWR`c`RBYACM1k > M1kjO^ZVK @1M1MFKNJ = HI@1US1` HIUfWXG1KiOQACHI@UnWEH^]WXJXO 
CZ WRGPOQWcZNO^U HIJRBYgIBhU1OQWXK
HIJWXKVJRApBhUPOQWRKpOQW<K O^Z G"`LBYWXK 
A
Cq
A?N
q r^sq+r
A
 q9O^`<KKNApM1kYBYlPKVS BhU !+BYgI@1JRK
A
DED1D U"OQS1S1BYWRBhHIU
WXH\`LBhApM1khK<BhUgIJRKV`R` bKNgIJLKN`R`ZVHIU1`LWRJXO^BYU?WX`Nq U1KVW HIJ-S1KN`LBhgIU1KVJR`ACO > `LM*KVZNBY] > ZNHIU`LWXJRO^BhU?WR`WXGPObW
=
HI@1U1S WRG1K O^ApHI@1U?WH^]kYHIU1g S1BY`LWXO^U1ZNKEWRJXO	
pZEH^JkhBYACBmWWRG1K WRJXO	
pZ
=
KVW KNKNU MPO^BYJR`HQ] `LBYWRKN`ND
!PHIJ$KO^ApM1khKQq  KACO
>
O^SS\O MPO^BYJBY`RKWXJXO 
CZZNHIU`LWXJRO^BhU?W WXHc!+BYgI@1JLK
A
DEDdWRGPOQWfiJRKN`3WXJLBhZVWR`fiWXGK
WXJRO	
pZ ]_JRH^A 	K6ff$HIJ WRH U1S1BhO^UPO^MFHIkhBY`WXH
=
K khKV`R` WRGPO^UfH^JEKNon@PO^k$WXH
A
sIs,
=
b`NDffiG1BY`
JRKVS1@1ZVKN` WRG1K
=
OQU1S BhSWXG4U1KVKNS1KVS4]_JRHIA 	K ff$HIJfWXH"#fikYKVe^KNkjOQU1S WXH
Q^sIs ,
=
Q`CBhU KNO^Z G
S1BYJRKNZ[WXBYHIU DffiGKcgIKNU1KVJXO^k;]_HIJLA H^]$OpWXJXO 
CZ ZNHIU1`3WXJRO^BhU?WBY`O
=
HI@1USHIU-WXGK WXJRO	
pZ
=
K[WfiKVKNU
O^U
>
W Hi`R@
=
`RKVWR`H^]$`RBYWRKN`VDEBYe^KNU O `RK[WH^]$ZNHIU1`3WXJRO^BhU?WX`Vq WXGKcS1KN`LBhgIUM1JLH
=
kYKNA BY`WRH lPU1S O
khKNO^`LW ZVHI`LW<U1K[WfiHIJ ZNHIUl1gI@1JXObWXBhH^U BYU G1BhZ G WXG1KpkhBYU -ZNO^MPO^ZVBYWXBYKN`KVU1`R@1JLKCWRGPOQWdO^U
>
WXJRO	
pZ
ZNH^UlPgI@1JROQWXBYHIU O^khkYHfiKVS
=?>
WRG1KZNHIU`LWXJRO^BhU?WR`ZNO^U
=
KGPO^US1khKVS D
  K`RGH  G1H WXG1BY`%HIJRBYgIBhU1O^kP]_JXO^ApK HIJpZ OQU
=
Kg^KNU1KVJXO^kYB NKVS WXHcGPOQU1S1khKWXG1KZVHIUlPg 
@1JROQWXBYHIUCHQ] M1JLHZVKN`R`LBhU1g JRKN`LHI@1JLZNKN`fiO^U1S kYBhU 
=
O^U1S BhSWRG BhUpK WXKVU1`RB
=
khKU1K[WfiHIJn`ND$ H
=
JRBYK
>
BhkYkh@1`3WXJROQWXKEWRG1K S1KV`RBYgIUfH^]ffiK  WXKNU`RB
=
khK UKVW HIJn`NqflkYKVWd@1`dWXO ^K O^U K 1OQACM1kYK^DiU"!+BYgI@1JLK
A
D Bq
 K`RG1H O^UCK WXKVU1`RB
=
khKU1KVW HIJ BYWRGCWXGK`XOQACKWXHIMFHIkhH^g
>
O^` BhU ! BhgI@1JLK
A
D D O^U1S BmWXGCW H
M1JLHZVKN`R`LBhU1gdU1H S1KN`
fi
G1BYgIG1kYBhgIG?WXKVS fl[D'UCWRG1Bh`$K WRKNU1`LB
=
kYKU1K[WfiH^Jvq  KZVHIU1`LBhS1KVJfiOeBYS1KNHWXJRO^U1` 
ApBh`R`LBhHIU O^M1M1kYBhZ ObWXBhH^U JRKVon@1BhJLBhU1gESKNZNH^ACM1JLKN`L`RBhH^U MJRH ZNKN`L`RBYU1g BhU WRG1KU1KVW HIJ\O^`ffiBhU?WRJRH S1@1ZNKVS
BhU/!+BYgI@1JLK
A
D tD/(@1JRBYU1g WXG1Ki`LKN`R`LBhHIU`CZVHIUlPgI@JRKNS ]_HIJcWXGBh` O^M1MkhBhZNOQWXBYHIU q9WRG1KiZNHIApM1JRKV`R`LKNS
e BhS1KVHc`LWRJRK OQA Bh`fi`RKNU?Wffi]_JLHIA OE`LHI@1JLZNKO^U1SiS1KVZNHIApM1JLKN`R`LKNS HIU WXGKJRHI@WRKWXH OEJLKNZVKNBYe^KNJVD (@K
WXH\WRG1KcZNHIApM1JLKN`R`LBhHIU JROQWXBYH1q G1BYZ G BY`O^`L`R@1ApKNS WXH
=
K
A
s

A
BhU WXGBh`ZNO^`RKQq'S1OQW O
=
O^US BhSWRG
Z GPO^UgIKN`S1@1JLBhU1gcWXGK<WRJXO^U1`LACBY`R`LBhHIU DflffiGKdkYBhU pZ O^M1O^ZNBmW
>
OQWK O^Z GTkhBYU CA @1`LWWXGKNU
=
KS1KVWRKNJ 
ApBhU1KVS
=?>
ZNHIU1`LBhS1KVJXOQWRBhHIU H^]%WRG1Bh`dO^M1M1kYBhZNOQWXBYHIU Z GPO^JXOQZVWXKVJRBY`LWXBYZ^DiffiG1KCM1JRH ZNKV`R`RBYU1g JLKN`RH^@1JRZVKN`
As
de-
comp
de-
comp
500Mb/s at
New York
500Mb/s at
Philadelphia
200Mb/s at
Indianapolis
300Mb/s at
Detroit
300Mb/s at
Cleveland
Here, decompression expands
data bandwidth by 10 times.
10 times more bandwidth is
needed on link used after
decompression.
Compressed video traffic must
be decompressed  either at
Cleveland or Philadelphia
!+Bhg^@1JRK
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
 O^ApM1khKH^] U1K[WfiHIJ\S1KN`LBhgIU BYWRGiM1JRH ZNKV`R`RBYU1g
O^U1S WRG1KNBYJ%Z OQMPO^ZNBmW
>
A @1`LWO^kY`RHEZVHIApM1k
>
BYWRG WXG1KSKNZNH^ACM1JLKN`L`RBhH^U `LM*KVZNBmlPZ OQWRBhHIU O^U1S\WXJRO	
pZ
KMFKNZ[W OQWRBhHIU D
: KNZ OQ@1`RK%WRG1KfiJLKN`RH^@1JRZVKN`9U1KVKNS1KVS
=?>
OU1KVW HIJ O^JRK$G1BYgIG1k
>
SKNMFKNU1S1KVU?WflHIU WRG1KfiZ GPOQJXO^Z 
WXKVJRBY`LWXBYZN` H^]1WXGKffiO^M1M1kYBhZNOQWXBYHIU1`Nq  K%BhU?WXJLHS@1ZNKfiOgIKNUKNJXOQkApKVWRG1HSd]_HIJ SKN`RZVJRB
=
BhU1gWXG1K%JLKN`LHI@1JRZVK
JRKVon@1BhJLKNApKNU?WX`H^] O^M1MkhBhZNOQWXBYHIU-ZVkjO^`L`RKV`dOQU1S `RG1H GH 0WXGKN`RK ZNO^U
=
Kc@1`LKNS BhU WRG1KcU1KVW HIJ
S1KV`RBhg^UTM1JLHZVKN`L`ND   KGPO eIK<BhU1ZVHIJRMFHIJROQWXKVSiWRG1K<ACK[WXG1H S1`S1KVe^KNkYHIM*KVS ]_H^JK  WXKNU`RB
=
khKU1KVW HIJ
S1KV`RBhg^UTBYUnWRH O `RHQ] W%O^JLKdM1O^ZbO^gIK<Z O^kYkhKNS\WRG1K<  WRKNU1`LB
=
kYK 	KVW HIJ )flkjO^UU1KNJ
fi
8	)ffifl[q GBhZ G
Bh`
=
O^`RKVS-HIUTO^U K O^JLkhBhKVJNq@1U1M1@
=
khBh`LG1KNSiWXH HIk ]_HIJffiSKN`RBYgIU1BYU1g ZNHIU?eIKVU?WXBhH^UPO^k;U1KVW HIJ `   r^r D 'H
S1KVACHIU`LWXJROQWXKEWRG1K @WXBYkhBmW
>
HQ] WRG1KN`LKpApKVWRG1H S1`Nq  KCBYU1ZNkY@1S1KEK O^ACMkhKN`HQ]fiG1H 8	) Z O^U
=
K
@1`LKNSTWRH S1KN`LBhgIU JRKNO^k U1K[WfiHIJn`ND
     fl $ ff% ff !ffifl!#

#fiGPO^MWXKNJrpS1KV`RZVJRB
=
KN`JRKV`RHI@1JLZNKdZNHIUl1gI@1JXObWXBhH^UTApKVWRG1HS`]_HIJO^M1MkhBhZNOQWXBYHIU1`%WRGPOQWJRKNon@1BYJRK<BhU 
WXKVJRApKNS1BhOQWXKCM1JRH ZNKV`R`LBhU1g1D  K\M1JRKV`RKVUnWpOQU"K
pZNBYKNU?W `RHIkY@WXBYHIUfZNO^khkYKNS WRG1K	


bq
O^U1S-`RG1H BYWX`O^M1M1kYBhZNO
=
BhkYBYW
>
O^U1S `LZ O^khO
=
BhkYBYW
>\=?>
S1KN`LZNJLB
=
BYU1g eQO^JRBYHI@1``RBYWR@POQWRBhHIU1` G1KVJRKEWXGK
ApKVWXGHScZNO^U
=
KO^MM1khBYKNS D+#fiGPO^MWRKNJ$tK WRKNU1S1`flWRG1KJRKN`LHI@1JLZNKZNHIUlPgI@1JROQWXBYHIUEM1JLH
=
khKVA WRHU1KVW 
 HIJn` BmWXG K MkhBhZVBYW khBYACBmWX`flHIU JLKN`LHI@1JRZVKZ OQMPO^ZNBmW
>
D9  KBhkYkh@1`3WXJROQWXKffiWXGKBhU?WRJXO^Z[W O
=
BYkhBmW
>
H^]uWXGK
AOA
M1JLH = khKVA ]_HIJgIKNUKNJXOQk ZNO^`RKV`EO^U1S S1KN`LZNJLB = K G1KV@1JRBY`LWXBYZ ACK[WXG1H S1` G1BhZ G M*KVJL]_HIJLA K*KNZVWRBYe^KNk >
BhUiApHI`LWMJXO^Z[WXBhZNO^k `LBYWX@1OQWXBYHIU1`ND
#fiG1O^MWXKVJ DcBhU?eIKV`LWXBYg?OQWRKN`%WXGKM1JRH = khKNA H^]'S1KN`LBhgIUBhU1gcK WRKNU1`LB = kYKU1KVW HIJ `WXHc`ROQWXBY`L] >
gIBmeIKNU OQM1M1khBYZ OQWRBhHIU`+O^USEWXJXO 
CZfiMPOQWRWRKNJLU1`ND9] WXKVJ9KKNApM1kYBY] > BhU1gWXG1KfiM1JRH = khKNA0BhU `RBhApM1kYK^qIOQU1S
> K[W9JLK O^kYBh`LWRBhZQq `RBYWR@POQWRBhHIU1`Vq  K$S1KN`LZNJRB = KfiO` > `LWXKVA ObWXBhZ O^U1SdM1JXOQgIA ObWXBhZ9O^M1M1JLH?O^Z G WRHS1KV`RBYgIU1BhUg
K WRKNU1`LB = kYK$UKVW HIJn`NqIO^U1S<BhkhkY@1`LWRJXOQWRK+WXGK OQkhgIHIJLBYWRG1ACBYZ ApKVWRG1H S1`;@1`RKVS BhUWRG1KS1KN`LBhgIU<M1JRH ZNKV`R`VD
#fiGPO^MWXKNJ\BfBhU?WRJRH S1@1ZNKV` WXG1K   
	  
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 	  -WXH HIk q GBhZ G G1KNkYM1`\U1KVW HIJ
S1KV`RBhg^U1KNJL`-M1khO^U K  WXKNU`RB = khK U1KVW HIJn`-WRG1JRH^@1gIG7OQU BhU?WRKNJXOQZVWXBmeIK M1JRH ZNKV`R`VD ffiG1K ApKVWRG1HS`
S1KV`RZNJLB = KNSBYU#fiGPO^MWXKNJ D\O^JLKdBYACM1kYKNApKNU?WXKVS-BYUT8	) DFU #fiGPO^MWXKNJ
M
q  KES1KVACH^U1`LWRJXOQWRKdWXGK
M1JLHZVKN`R`H^]UKVW HIJ SKN`RBYgIU]_HIJ`LKVe^KNJXOQk$ApKNSBh@1A `RBNKcU1K[WfiH^Jn`ND #fiG1O^MWXKVJ$Q `R@1ApACO^JRBNKN`
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ffiG1BY`dZ GPOQMWXKVJdS1K[W O^BYkh`WRG1KCMJRH
=
kYKNA H^]fiZNHIUlPgI@1JLBhU1giJRKV`RHI@JRZNKV` ]_HIJBhUS1BYe BhS@PO^kflO^MM1khBYZ OQWRBhHIU
`RKV`R`LBhHIU1`VqgIBmeIKVU Z OQU1S1BhS1OQWXKJRKV`RHI@1JLZNKV`fiBhUCO^UCK WXKVU1`RB
=
khKU1KVW HIJFDM1M1khBYZ OQWRBhHIU `LKN`R`LBhHIU`%O^JLK
BhU`LW OQU1ZNKV` H^] U1KVW HIJpO^MM1khBYZ OQWRBhHIU1` GBhZ G BYU1BYWRBjOQWRKffiO^U1SCA OQBhU?W O^BYUcZNHIUU1KNZ[WXBhH^U1`$]_H^J$`LM*KVZNBmlPZ
@1`LKNJR`VD2ffiG1K-g^H?O^kffiH^]WRG1K JRKN`LHI@1JLZNK-ZVHIUlPg^@1JXOQWRBhHIU/M1JLH
=
khKVA Bh`cWRH ACO^M KNO^Z G2O^MM1khBYZ OQWRBhHIU
`RKV`R`LBhHIUCHIU?WXHWXG1K
=
KV`LW$`RK[WfiHQ] JRKV`RHI@JRZNKV`NqO^ZNZVHIJRS1BYU1gWXHWXG1KZNJLBYWRKNJRBhOJRKNkYKVeQO^U?WWXHWXGK`LKN`R`LBhHIU D
!PHIJflKO^ApM1kYK^q?ZNH^U1`RBYS1KNJ$O^UCO^M1M1kYBhZNOQWXBYHIU WXG1OQW$JRKNon@1BYJRKV`$`LM*KVZNBmlPZKNU1ZVJ
>
MWXBYHIU OQU1S S1KNZVJ
>
MWXBYHIU
H^]BYWR`p`LKN`L`RBhH^U SPObW OWXJXOQU1`RApBYWLWXKNS
=
KVW KNKVU WfiH JRKVACHQWXKiZNHIJLM*H^JXOQWRK\U1KVW HIJn`VD4ffiG1K M1JRH	
ZNKV`R`LBhU1gEZVHIApM*HIUKNU?WfiH^U JRHI@WXKNJL`fiZNO^U
=
KM1JLHIgIJRO^ACApKNS WXHdM*KVJL]_HIJLA WXG1KKNU1ZVJ
>
MWRBhHIU\OQU1S WXGK
S1KVZNJ
>
MWRBhHIU DffiG1KE`RKV`R`LBhHIU AE@1`3WWRG1KNU
=
KEACO^M1MFKNS-WRH\khBhU  `]_HIJWXG1KES1OQW O PH O^U1STWXH WXGK
JRH^@WXKVJR` G1KNJLKffiWXG1KKNUZNJ
>
MWRBhHIUpO^USCS1KVZNJ
>
MWXBhH^UCOQJRKffiMFKNJL]_H^JRApKNS HIUcWXG1KSPObW OD ffiG1KJRKNon@1BYJRK 
ApKNU?WX`Vq GBhZ GpBhU1ZVkh@1S1KffiMJRH ZNKN`L`RBYU1gdZ
>
ZNkhKV`Nq ACKVACH^J
>
q^HIJ9WXG1KO
=
BhkhBmW
>
WRHKKNZV@WXKO<M1O^JLWRBhZN@kjO^J
M1JLHIgIJXOQATqO^JRK@1`LKNSTWRH BhS1KVUnWRBY]
>
WXG1K`RK[WH^]+JLHI@WRKNJR`ZNO^MPO
=
kYKH^]+SHIBhU1gEWRG1KM1JRH ZNKV`R`LBhU1g1D
#fiH^U1`RBYS1KNJOQU1H^WXGKNJK 1OQACM1kYK^q*OCe BhS1KVH WXJRO^U1`RApBh`L`RBYHIU O^MM1khBYZ OQWRBhHIU q GHI`RKcgIHIO^k;Bh`WRH
WXJRO^U1`3]_HIJRA6WXGKe BhS1KVHESPOQWXOEOQWfiO^U BYUnWRKNJLACKVS1BjOQWRKJLHI@WRKNJfi`LH WXG1OQW%OQU BhU1ZVHIApMPOQWXB
=
khKffiJLKNZVKNBYe BYU1g
S1K[eBYZNKcZNO^U e BhK BYWNDffiG1KcZNH^UlPgI@1JROQWXBYHIU H^]WRG1Bh``LKN`L`RBhH^U `LG1HI@1kYSBhS1KVU?WXBY]
>
WXGKE`RK[WH^]$khBhU  `
@1`LKNS WXH<]_HIJRA6WRG1KSPObW OdM1OQWXG\OQU1S WXGKJRH^@WXKVJ G1BYZ G BhkYkFSH WXG1Ke BhS1KVHdWXJRO^U1`3]_HIJRACOQWXBYHIU D W
ACO
>
O^kY`RH
=
KM1JLKV]_KVJRJRKVS WXGPObW%WXG1K
=
O^U1S BYSWXGiOQU1S M1JLHZVKN`R`LBhU1gcJLKN`LHI@1JRZVK@1`XOQgIKHIU WRG1KMPOQWRG
=
K<ApBhUBhApB NKVS D
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 ff%fl 
U gIKNUKNJXOQk qflWXG1K WXO^` H^]ZNHIUlPgI@1JLBhU1g O `RKV`R`LBhHIU Bh`cZVHIApM*HI`LKNS H^]BhSKNU?WXBm] > BYU1g-WRG1K\`RKV`R`RBYHIU
]_HIJLA OQWNqM1O^JLWRBhZN@kjO^JLk > WRG1KZNH^ACAE@U1BhZNOQWXBYHIU O^US WXG1KMJRH ZNKN`L`RBYU1gEWXGPObW%H ZNZN@J%BhU WRG1K`LKN`R`LBhHIU q
O^U1SWRG1KNU A OQM1M1BhUg WXG1Kc]_HIJLA OQWHIU?WXH\WXGKpJLKN`LHI@1JRZVKN`<BhUWXGKcU1KVW HIJ WRGPOQWZNO^U ]_@kYlPkYk WXGK
gIH?OQkh`%H^] WXG1K`LKN`R`LBhHIU D
(KVM*KVU1S1BYU1g\HIUWXG1K M1@1JRMFHI`LKN`<O^U1S WRG1KcgIH?O^kY`Nq*U1KVW HIJ O^M1M1kYBhZ ObWXBhH^U1`ZNO^U W O QKcS1BY] 
]_KNJLKNU?W ]_HIJRAp`ND U/WRG1Bh`  HIJvqWXG1Ki`LKN`R`LBhHIU ]_HIJLA OQWR`cO^JLK @`RKNS WXH S1KV`RZVJRB = K\WXG1K\WRKNJRApBhU1O^kh`
WXG1OQWcO^JLKCBYU?eIHIkmeIKNS"BYU BYU1S1BYe BYS1@PO^kO^MM1khBYZ OQWRBhHIU `RKV`R`LBhHIU1`Vq9WXG1KCSPOQWXOTWXGPObW PH`cOQACHIUgTWXGK
WXKVJRApBhUPOQkh`NqO^U1SiWXG1K<M1JLHZVKN`R`LBhU1gCO^M1MkhBhKVS\WXH WXG1KSPOQWXO 1H `VD   K<O^S1HIMWO gIJXOQM1GTApH S1KNk WRH
KM1JLKN`L`$KNO^Z G `RKV`R`RBYHIUc]_HIJRACOQWNq G1KVJRKffiWXGK%U1H S1KN`fl`3W O^U1SE]_H^J WXGK%WXKNJLACBYUPO^kY` HIJ'WXG1KffiMJRH ZNKN`L`RBYU1g
`LWRKNM1`Vq'O^U1SWXG1KcKVS1gIKV`<`3W O^US ]_H^JWXG1KcSPObW O PH`NDE$OQZ G KVS1gIKcBhU WRG1KcgIJRO^M1G Bh`OQ`R`RH ZNBhOQWXKVS
BYWRGWXG1K khBYU 
=
O^U1S BYSWXG ZNH^U1`R@1ApKNS
=?>
WXG1K ZVHIJRJLKN`RMFHIU1SBhU1giSPOQWXO PHD  BhApBhkjOQJRk
>
q*KNO^Z G
U1HIU WXKVJRApBhUPOQk+U1H S1KpBh`O^`L`RH ZNBjObWXKNS BYWRG WRG1K M1JRH ZNKV`R`LBhU1gTZ O^MPOQZNBYW
>
ZNHIU1`L@1ApKNS
=?>
WRG1K ZNHIJ 
JRKV`RMFHIU1S1BYU1gcM1JLHZVKN`R`LBhU1g `3WXKNM D ! BhgI@1JLKrD
A
fi
O fl `RG1H`O^UiKO^ApM1kYKWXGPObWffiS1KN`LZNJLB
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KN`L`RBhH^UTgIJRO^M1G1`
`RKV`R`LBhHIU BYWRG WfiHi`3WXKNM`<HQ] BYU?WXKNJLACKVS1BjObWXK MJRH ZNKN`L`RBYU1g1D<U WRG1KElPgI@JRK^q*WXG1KEWRKNJRApBhU1O^k UHS1KV`
O^JLK76dO^U1S98vqvOQU1STWRG1KM1JRH ZNKV`R`RBYU1g `3WXKVM1`OQJRK;:
A
OQU1S9:Lrq GBhkhKWRG1K<KNS1gIKV``LM*KVZNBm]
>
WXG1KSPOQWXO
PH` ]_JRHIA HIU1K\WXKVJRApBhUPO^k$WXH WXG1KiH^WRG1KNJEWRKNJLACBYUPO^k D ffiG1K
=
O^U1S BYSWXG`CZVHIU1`R@ACKVS
=?>
WXGK
SPOQWXO PH`OQJRK=<?>@A<AB qPO^U1SC<AD qvO^U1S\WRG1KM1JRH ZNKV`R`LBhU1gpZ O^M1O^ZNBmWXBhKV`O^JRK-E+>%OQU1SFEGB D9  KJLKV]_KNJ%WRH
AD
WXGK gIJRO^M1G S1KV`RZVJRB = BhU1g O `RKV`R`RBYHIU-]_HIJLA ObWO^`WXG1Kd`RKV`R`RBYHIU gIJRO^M1G D!+BYgI@1JRK rD
A
fi
= flBh`O^U1HQWXG1KVJ
KO^ApM1kYKH^]flO `RKV`R`RBYHIU-g^JXO^M1G\WRGPOQWBhU?eIH^kYeIKV`ApHIJLKWXKNJLACBYUPO^kY`NqMJRH ZNKN`L`RBYU1g1qFO^U1S SPOQWXO PH`VD
U gIKVU1KNJRO^k qOd`LKN`L`RBhH^U gIJXOQM1G ]_HIJLAC`$O S1BYJRKVZVWXKVS gIJRO^M1G WRGPOQW BhU?eIH^kYeIKV`fiHIUKHIJ$ACH^JRKWXKNJLACBYUPO^k
U1H S1KN`VD   G1BYkhKOQJ = BmWXJXOQJ > WRHIMFHIkhHIg^BhKN`%O^JRKMFHI`R`LB = kYK^q  K<]_H ZN@1`HI@JObWRWXKVU?WXBhH^UTG1KVJRKHIU MPOQWRG1`
O^U1SiWXJLKNKV`ND
  K OQkh`RH S1KV`RZNJLB = KpWRG1KpU1KVW HIJ O^`dO g^JXO^M1G D   G1BhkYKEWXG1KC`RKN`L`RBYHIU gIJRO^M1G S1KN`LZNJRB = KV`
HIU1k > WXG1K M1JRH^M*KVJLWXBYKN` H^]vO`LKN`R`LBhHIU q^WXG1K U1KVW HIJdgIJRO^M1GESKN`RZVJRB = KV` WXGK%KNU?WXBYJRK$U1KVW HIJFq GBhZ G
Bh`ZNHIApMFHI`RKVS H^]flWXKVJRApBhUPOQkh`NqvJLHI@WXKVJR`VquO^U1SM1G > `RBYZ O^k khBYU n`WRGPOQWZVHIU1U1KVZVWWRG1KNA D!PHIJK WXKVU 
`RB = khK U1KVW HIJn`Vqfi`RH^ACK JLHI@WRKNJR` OQJRK `LM*KVZNBjOQkhk > khO = KVkhKVS"O^`cM1JLHZVKN`R`LBhU1g U1H S1KV`cJRKNMJRKN`LKNU?WXBYU1g
K WRKNU1`LB
=
kYKpJLHI@WRKNJR`VDp  KpA O
>
]_@JLWXGKNJZ OQWRKNgIH^JRB VKcWXG1K M1JLHZVKN`R`LBhU1g U1H S1KN`<`RHiWXG1OQW<K O^Z G H^]
WXGKNA Bh`$kjO
=
KNkYKNS BYWRGCWXGKW
>
MFKN`%H^] M1JRH ZNKV`R`RBYU1gdWRGPOQW BYW$Z OQU GPO^U1SkhK^D+ffiG1KZNOQWXKVgIHIJRB OQWRBhHIU BY`
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)JLHZVKN`L`RBhUgpW
>
MFKN` BYWXG khH Z ObWXBhH^U ZNHIU`LWXJRO^BhU?WR`
MPO^J3WXBhO^khk
>
S1KVWRKNJLACBYU1KNS
=?>
WRG1K`
>
`3WXKVA `RMFKNZVBYlPZNOQWXBYHIU1`fi]_HIJ$WXG1KJLHI@WRKNJR`VqBYU G1BhZ G\M1JLHIMFKNJLWRBhKV`
`R@Z GfO^`<M1JRH ZNKV`R`LBhU1g M*H KNJVq ApKNApHIJ
>
`RBNK^q'HIJ`RHQ] W%O^JLKCZNO^MPO
=
BhkhBmWXBYKN`ACO
>=
KpZVHIU1`LBhS1KVJRKNS D
)flJRH ZNKV`R`RBYU1g<Z O^UCO^kh`LH
=
KffiZNOQWXKVgIHIJRBNKVS
=?>
O^MM1khBYZ OQWRBhHIUEZVHIU1`3WXJXOQBhU?WX`VD!vH^J9BhU1`3W O^UZNK^qnJLKNZ OQkhk1WXGK
KO^ApM1kYKEH^]WXG1KcKVU1ZNJ
>
MWXBYHIU O^U1SS1KVZNJ
>
MWRBhHIU O^MM1khBYZ OQWRBhHIU DUWRG1Bh`ZNO^`RKQquWXG1K O^MM1khBYZ OQWRBhHIU
BhU?WRKNU1S1`pWXHfMFKNJ3]_HIJRA WRG1K-KVU1ZNJ
>
MWXBhH^U
=
K[]_HIJRK WXG1KTSPOQWXO khKNO e^KN` WRG1K-UKVW HIJ/JRKVgIBhHIU/WXGPObW
BhUZNkh@S1KN`ffiWXGKd`LKNU1S1KVJO^US WRH MFKNJL]_H^JRA WRG1KdSKNZNJ
>
MWXBYHIU OQ] WRKNJffiWXGKdSPObW O KNU?WXKVJR`WXG1K<U1KVW HIJ
JRKVgIBhH^U WRGPOQWdBhU1ZVkh@1SKN`WXG1K JLKNZNKVBYe^KNJND !+BhgI@JRKCrD ri`LG1H`<WRG1KpW H-JLKNgIBYHIU1`VD 'HTJLKPKVZVW<WXG1BY`
AB
khH Z ObWXBhH^U ZVHIU1`3WXJXOQBhU?W q fiKCkjO = KNk$O^kYkflM1JRH ZNKV`R`RBYU1g-UHS1KV` BYU WXGK `RKVU1S1KVJ `EU1KVW HIJ JLKNgIBYHIU WRH
`RGH .WRG1KU1H S1KN` G1KNJLKdWRG1KdKVU1ZNJ > MWXBYHIU-ZNO^U = KS1HIU1KQDBhApBhkhO^JRk > q  K kjO = KVkuO^khkuMJRH ZNKN`L`RBYU1g
U1H S1KN`dBhU WXG1KCJRKVZNKNBmeIKVJ `EU1KVW HIJ JLKNgIBYHIU ]_H^JdS1KVZNJ > MWXBhH^U DiffiG1K M1JLHZVKN`L`RBhUg U1H S1KN`dH^]%WXGK
W HpW > MFKN`O^JRKG1BYgIG1khBYgIG?WXKVS\BhUi!+BYgI@1JRK<r D rD
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	KVW HIJ\gIJRO^M1G
! BhgI@1JLKrD t`RG1H` O^U KO^ApM1khKffiH^] OU1KVW HIJcgIJXO^MG q G1KNJLKffiWXKNJLACBYUPO^kY`flO^JRKffiSJXO U OQ`
`Ron@POQJRKN`OQU1SJRHI@WXKNJU1HSKN`O^JLKES1JROU OQ`ZNBYJRZNkYKN`VD$OQZ GM1JRH ZNKV`R`RBYU1g\U1H S1KEBY`O^kY`RH khO
=
KVkhKVS
BYWRG\WXG1KM1JLHZVKN`R`LBhU1g W
>
M*KV`
fi
: >@ffi:0B @ffi:0D	fl%WRGPOQWBmWZ O^U GPO^U1SkhK^D
	H WRGPOQW  KffiGPO eIKffiS1KV`RZVJRB
=
KNScWRG1K%`RKV`R`LBhHIU1`$O^USEWXG1K%UKVW HIJcOQ`9gIJXOQM1G1`NqQWXG1K%WXO^`<H^]
ZNH^UlPgI@1JLBhU1gO`LKN`R`LBhHIU Bh` OA ObWRWXKVJ;H^]PACO^M1M1BYU1gWRG1Kfi`LKN`L`RBhH^UEgIJXOQM1GEHIU?WXHWXG1K U1KVW HIJdgIJRO^M1G D
KVJRKQqFWRG1Kd`LKN`L`RBhH^U-WXKVJRApBhUPO^kY`O^JRK<ACO^M1MFKNSiWXHCWRG1K<ZNHIJLJRKN`LM*H^U1S1BhUg U1K[WfiHIJ\WXKNJLACBYUPO^kY`Nq1WXGK
M1JLHZVKN`R`LBhU1g<`LWRKNM1`fiO^JRKACO^M1MFKNScWXH<M1JLHZVKN`R`LBhU1g<U1H S1KN`$H^]FWXG1KO^M1MJRHIM1JLBjOQWRK%W
>
M*KV`NqO^U1S lPUPO^kYk
>
WXGKffiZNHIU1UKNZVWRBhHIU`
=
KVW KNKVUCW HU1HSKN`flWXGPObWO^JRKOQS RO^ZNKVU?W BYUEWXG1Kffi`LKN`L`RBhH^UCgIJRO^M1G O^JLKffiA OQM1M*KVS
WXH/MPOQWRG1`iWXGPOQW ZVHIU1U1KVZVW WXG1K ZNHIJLJRKV`RMFHIU1S1BYU1g UHS1KV`TBYU WRG1K U1KVW HIJ g^JXO^M1G D !PHIkhkYHBhU1g
WXGBh`MJRBhUZNBhMkhK^q  KEZ O^UZVHIU1`LBhS1KVJZNHIUlPgI@1JLBhU1gpWXG1KE`LKN`L`RBhH^UgIJXO^MG1`BhU !+BhgI@JRK rD
A
HIU?WXH WXGK
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ZNH^`LWX`H^]flBYU1S1BYe BYS1@PO^ku@1UBhZ OQ`LWMPOQWXG`ND	H^WRK<WRGPOQW = KVZ O^@`RKEKNO^Z G @1U1BYZ O^`3WZVHIUlPg^@1JXOQWRBhHIU @1`LKN`
HIU1KM1JLHZVKN`L`RBhUg<UHS1K
fi
]_HIJ9S1KVZNHIApM1JRKV`R`LBhHIU fl qffhM1JRH ZNKV`R`LBhU1gU1H S1KN`$O^JLKU1KNKVS1KNSCBhUEWXHQW O^k GKNU
h Bh`dWRG1K Un@1A = KNJ H^]JRKVZNKNBmeIKVJR`NDkhk$ACK[WXG1H S1`dM1JRKV`RKNU?W `LBhgIU1BmlPZ OQUnW `XO e BhU1g^`EBhUfMJRH ZNKN`L`RBYU1g
@1`RO^gIKZVHIACM1O^JRKVS WXH WRG1K@1UBhZ OQ`LW%ZVHIUlPg^@1JXOQWRBhHIU HIMWXBYHIU `LG1HBhU1gEO^M1M1JLHBYA OQWRKNk > Dnr  ZNHI`3W
JRKVS1@1Z[WXBhH^U BYWRGrIrcJRKVZNKVBYeIKVJR`VDffiGK ZNH^`LWJLKNS1@ZVWXBYHIU-BYU1ZNJLK O^`LKN`O^`WRG1K<U @A = KVJH^]+JRKVZNKNBmeIKVJR`
gIJLH `C]_HIJCApHIJLK-M1JLHZVKN`R`LBhU1g U1HSKN` ZNO^U = K `RGPOQJRKNS OQACHIUg S1B  KVJRKNU?W `RHI@1JLZNK WXH JRKVZNKVBYeIKVJ
MPOQWRG1`ND
 HIACK-O^M1M1kYBhZNOQWXBYHIU1` ACBYgIG?W G1O e^KJRKV`LWXJLBhZ[WXBhH^U1` HIU MPOQWXG khKNUg^WXG1`Vqffi]_HIJCK O^ACMkhK^q%WRH
O eIHIBYS K WRJRKVACKpWXJXOQU1`RApBh`L`RBhH^U S1KVkjO
>
`ND   K ZVHIU1`RBYS1KNJLKNS WRG1KpS1BjO^ApKVWRKNJL`dH^]fiAE@1kmWXBhZNO^`LWWRJRKNKV`
]_HIJc`L@1Z G4O^MM1khBYZ OQWRBhHIU1`VD U/HI@1Jc`LBhAE@kjOQWRBhHIU q WXG1KiS1BhO^ACK[WXKVJcH^]O WRJRKNK fiO^` WXG1KikYKNU1g^WRG"H^]
WXGKkhHIU1g^KN`LW%`RHI@1JLZNK WXH JRKVZNKVBYeIKVJffiMPOQWRGTOQ`R`R@ACBYU1gEWXG1KgIKNHIApKVWRJRBYZS1Bh`3W O^UZNK]_HIJfiWRG1KkYKNU1g^WRG\H^]
K OQZ G/kYBhU vD :fiKVZ O^@1`LK\WXG1K\AE@kYWXB `3WXKNM WXJRKVKiO^@1gIApKNU?WXOQWXBYHIUfApKVWXGHS"ApBhgIG?WdZ G1H HI`RK O MPOQWRG
WXG1OQWW O	^KN`kYKN`R`ZVHI`LWWRH\JRK OQZ G WRG1KcZN@1JLJRKVUnWRk
>
ZNHIU1`3WXJL@1ZVWRKNS WXJRKVKcWXGPO^U WRG1K `RHI@JRZNKQqu`RHI@JRZNK 
WXH JRKVZNKVBYeIKVJ MPOQWXG`CM1JLH eBYS1KNS/BhU/`R@Z G AE@1kmWXBYZ O^`3WcWXJRKVKN`pZ O^U
=
K kYHIU1gIKVJEWXGPOQU/WRG1KT`LG1HIJ3WXKN`3W
MPOQWRG1`ND! BhgI@1JLK<rD
A
CpZVHIApMPO^JRKV`WRG1K<S1BjO^ApKVWRKNJL`H^] WXJLKNKN`ZNHIApM1@WRKNS
=n>
WRG1K<AE@1kYWRB `LWXKVM\WXJRKVK
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s Multi-step tree augmentation method
Each step includes 1 receiver 2 receivers
4 receivers
!+Bhg^@1JRK<rD
A
C

#fiHIACM1O^JRBY`RHIUiH^] S1BjOQACK[WXKNJL`ffiH^] AE@1kYWRBhZNO^`LW%WRJRKVKN`
O^@1g^ACKVUnWXOQWXBYHIUcApKVWXGHSEWRHWRG1KS1BjOQACK[WXKNJL`flH^]vWXG1K`LG1HIJLWRKN`3W M1OQWXG WXJLKNKN`VD9ffiG1KHIJRBYgIBhU1O^kA @1kYWRB 
`LWRKNMWXJLKNK$O^@1gIApKNU?WXOQWXBYHIU G1BhZ G<BhUZNkh@S1KN`
A
JRKVZNKVBYeIKVJ+ObW;K O^Z G<`LWRKNM `LG1H` @MWRHtIt   BYU1ZNJLK O^`LK
BhUiS1BhO^ApKVWXKVJR`VD	OQWR@1JXO^kYk
>
q1O^`ApHIJRKJLKNZNKVBYe^KNJR`O^JLK<ZVHIU1`LBhS1KVJRKNS-OQWK OQZ GT`3WXKNM qvWRG1KS1B*KNJLKNU1ZVK
Bh` JLKNS1@1ZVKNS q BmWXG
A
C   BYU1ZNJLK O^`LK-ObWCACO BhA @1A G1KVU D JRKNZVKNBmeIKNJL` O^JLKiBhU1ZVkh@1S1KVS ObWCKNO^Z G
tRQ
`LWRKNM D 'H JRKV`LWRJRBhZ[WCWRG1K-SBjO^ApKVWRKNJR`pH^]A @1kYWRBhZ OQ`LWcWXJLKNKV` G1BhkYKiACBYU1BhApB VBhU1g-WRG1KNBYJCJLKN`LHI@1JRZVK
fi
= O^U1S BYSWXGTO^U1STM1JRH ZNKV`R`RBYU1g fl%@1`RO^gIK^qPWRG1KdA @1kYWRB `3WXKVMiWRJRKVK O^@gIACKVU?W OQWRBhHIU\ApKVWRG1HS Z OQU = K
@1`LKNS =?> WX@1UBhU1giWXG1KCMPO^JRO^ACK[WXKVJWRGPOQWd`RK[WX`dWRG1KpU @A = KVJ H^]fiJRKVZNKNBmeIKVJR`EZVHIU1`RBYS1KNJLKNS OQW KNO^Z G
`LWRKNM D
(
  
'  ;  ffffifl 
  WXKNU`RB = khK UKVW HIJn`K M1O^U1S-WRG1K `LZNHIMFK H^]9U1KVW HIJiJLKN`RH^@1JRZVKN` =?> O^khkYHBhU1gpO^M1MkhBhZNOQWXBYHIU1`
WXH<@1`LKM1JLHZVKN`L`RBhUgdJLKN`RH^@1JRZVKN`%ObW JLHI@WRKNJR`$BhUpO^SS1BYWRBhHIUcWXHWRG1K = O^U1S BYSWXGpJRKV`RHI@1JLZNKV`fiBhUpkhBYU n`ND
ffiG1Kp(O^J BhU M1JLH LKNZ[W  t^s
9]_H ZN@1`LKNS HIUWXG1KcACO^UPOQgIKNApKNU?WH^]WRG1Bh`
=
JRH?O^SKNJ`RK[WH^]$U1KVW HIJ
JRKV`RHI@JRZNKV`NDfiU1KH^] WRG1KZNHIJLKACKVZ GPO^U1BY`RAp`ffiBhU WXGKd(OQJBhUi`
>
`3WXKVA Bh`OcJRKV`RHI@1JLZNK<HIJffi`RKVJLe BhZVK
=
JLH ^KVJZNO^khkYKNS\8KVUPOq G1BhZ GTS1Bh`LZNH eIKVJR`O^U1S `RKNkYKNZ[WX`WXG1K<JRKV`RHI@1JLZNKV`WXG1OQWO^JRKU1KVZNKN`L`XO^J
>
OQU1S
fi
UK O^J flHIMWXBhACO^k+]_H^Jd`LKNJLe BYZNK JLKNon@1KV`LWX`d]_JRHIA O^MM1khBYZ OQWRBhHIU1`VD\U1ZVKCWXGK JRKV`RHI@JRZNKV`cO^JLKCBYS1KNU 
WXBmlPKNS q9OT`LBhgIU1O^khBYU1giACKVZ GPO^U1BY`RA Z OQkhkhKVS : K O^gIkYKCZVHIU?eIK
>
`c`LBhgIU1O^khBYU1giACKV`R`XOQgIKN`<]_HIJdJLKN`LHI@1JRZVK
JRKV`RKVJLeQOQWXBYHIU D+(O^JBYUcO^kh`LHZNH^UnWXO^BhU`flOACKVZ GPO^U1BY`RAWXGPObW9ACO^UPO^gIKV`flO^U1S OQSPO^MWR`+WXG1KffiJLKN`LHI@1JRZVK
@1`RO^gIK<OQWK OQZ G-JRKV`RHI@JRZNKQq G1BhZ G Bh`
=
OQ`RKNSTHIU OpaIO eQO ZNH S1KACH S1@1kYKZ OQkhkhKVSiOpSKNkhKVg?OQWRK^D
ACH^U1g WXGKEACKVZ GPO^U1BY`RAp`BhU (O^JBYU qF8KNUPO BYACMkhKNApKNU?WR`WXGKcO^khg^HIJRBmWXG1A WRH\S1KVWRKNJ 
ApBhU1K<WXG1KcJLKN`RH^@1JRZVKN`WXH
=
KcZNHIUlPgI@1JLKNS]_HIJKNO^Z G `RKNJ3e BhZNK JLKNon@1KN`3W<H^] O^U O^M1M1kYBhZNOQWXBYHIU-HIJO^U
O^M1MkhBhZNOQWXBYHIU`RKV`R`LBhHIU D   G1BhkYK8KNUPOKM1JLKN`R`LKN`9WRG1K%O^kYgIHIJLBYWXGA O^` Os 
A
BhU?WXKVgIKNJ'M1JRH^gIJXO^ApApBhU1g
M1JLH
=
khKVA WXH<`RHIkmeIKACH^JRKgIKNUKNJXOQkv]_H^JRAp`$HQ];O^M1M1kYBhZNOQWXBYHIUc`RKV`R`RBYHIU1`VqHI@1J`LKN`R`LBhHIU ZNHIUl1gI@1JXObWXBhH^U
S1KV`RZNJLB
=
KNS KNO^JRkYBhKVJflBhU WXG1BY` Z GPOQMWXKVJfiM1JLH e BYS1KN`fiO<ApHIJRKK
pZVBhKNU?W%O^khgIH^JRBYWRG1A]_HIJ$WRG1KACHI`3WfiMFHIM 
@1khO^J9`R@
=
`RK[WX`$H^]F`RKN`L`RBYHIUc]_HIJRAp`flO^U1S ACO
>E=
KffiZNHIA
=
BhU1KVS BYWXGc8KNUPO]_HIJ
=
KVWLWXKVJflM*KVJL]_HIJLA O^UZNK^D
WRG1KNJ JRKNkYKVeQO^U?W  HIJ<BYU1ZNkY@1S1KV`+JRH^@WXBYU1g]_JRO^ApK HIJn`9OQU1SEM1JLH^WXH ZNHIkY`ND;  G1BhkYK fiK%G1O e^K
KNApM1GPOQ`RB VKNSi]_@1U1SPOQACKVUnWXO^k;O^kYgIHIJRBmWXG1ApBhZBh`L`R@1KV`BhUiZNHIUlPgI@1JLBhU1g JRKV`RHI@JRZNKV`NqFBhApM1khKVACKVU?W OQWRBhHIU
`LWRJXOQWRKNgIBYKN`U1KNKVS
=
KdSBh`RZV@1`R`LKNS BYUTH^JRS1KVJWRH OQM1M1k
>
HI@1JO^M1M1JLH?O^Z G D%#fi@1JRJLKNU?WJLHI@WXBYU1gc]_JXO^ApK
 HIJn` WRGPOQWdS1KNkYBYeIKVJ JLKN`RH^@1JRZVK ZNHIUlPgI@1JROQWXBYHIU `LKNJ3eBYZNKV` WXHOQM1M1khBYZ OQWRBhHIU `LKN`R`LBhHIU` ]_HIkhkYH WXGK
khBYU -`3W OQWRKCJLHI@WRBhU1giM1JLBhU1ZVBhM1kYK^Dp&uBhU  `3W OQWRKCJLHI@WRBhU1g  
AOA
$JRKVon@1BhJLKN`<K O^Z G U1HSK WRHTACO^BYUnWXO^BhU
OQW khK OQ`LW O-MPO^J3WXBjOQke BYK H^]%WRG1K U1K[WfiH^J `LW ObWXK^q GBhZ GfBY` ZNH^ACMFHI`RKVSfH^]%WRG1K `3W OQWRKN`EH^]ffiO^khk
khBYU n`EBhUfWRG1KiU1KVW HIJFDf  GKNU WXG1KVJRKiBh`cOZ GPOQU1gIKiBhUfWRG1K\`LWXOQWX@1` H^]OkhBYU vqOkhBhU  `3W OQWRK
tOC
O^Se^KNJ3WXBh`LKNApKNU?W
fi
&' flBh` PHH S1KVS WRG1JRH^@1gIG1HI@WWXG1K U1KVW HIJ-`RH\WXGPObWKVe^KNJ > U1HSKcZ O^U@1M 
SPOQWRKCBmWX`e BhK6H^]%WRG1KCZV@1JRJLKNU?WEUKVW HIJ `LWXOQWX@1`dO^U1S ZNHIApM1@WRKCBmWX`JRH^@WXKV`dWXH H^WRG1KNJ<U1H S1KN`VD
U H^WRG1KNJ fiH^JRS1`Vq`R@Z G\JRHI@WRBhU1g<]_JXO^ApK HIJ ` M1JRH e BhSKO S1BY`LWRJRB = @WXKVS JRKV`RHI@JRZNKZNHIUl1gI@1JXObWXBhH^U
`RKVJLe BhZVKWXG1OQWffiO^kYkhH`$ZNHIUl1gI@1JXObWXBhH^U S1KNZVBh`LBhHIU1`$WXH = KACO^S1K =?> AE@kYWXBYM1khKU1H S1KV`fiBhU O ZNH HIMFKNJ 
OQWRBYeIK<] O^`RGBhHIU D  G1BYkhKWXG1KE`RO^ApKdZNO^U = KdS1HIU1KdBhUOpZNKVUnWRJXO^kYB VKNS-] O^`LG1BhH^U =?> O^`L`RBYgIU1BhUgCWXGK
W OQ` WRHO `RBYU1gIkYK `RKVJLe^KNJNqflWRG1K\S1Bh`3WXJLB = @WRKNSf` > `LWXKVA Bh` ACHIJLK `L@1BYWXO = khKp]_HIJ khO^JRg^KNJ UKVW HIJn`
O^U1S Bh` ApHIJLKCJLKNkhBhO = kYKCOQU1SfJRH = @1`LW BhU gIKNU1KVJXO^k D  @1Z G S1Bh`3WXJRB = @WRKNS ` > `LWXKVAC` AE@1`LWEBhU1ZVkh@1S1K
O ZVHIACMFHIU1KVU?WWXGPObWS1BY`LWXJLB = @WXKN`BhU]_HIJLA ObWXBhH^UTO = HI@WU1K[WfiHIJ-JLKN`RH^@1JRZVK O eQO^BYkjO = BhkhBmW > O^USO
ZNH^ACMFHIU1KVUnWWRGPOQW@1`LKN`WXGPObWBhU]_HIJLA ObWXBhH^U-WXH\ACO ^K ZVHIUlPgI@JXOQWRBhHIUS1KVZNBY`RBhH^U1` BYWXG JLKN`RMFKNZ[W
WXH `LM*KVZNBYl1Z<`LKN`L`RBhH^U1`ND
ffiGK%fl, 
 &         
	 .2
M1JRHQWXH ZNHIk
fi
)		 fl  
A
DBh` O^UEK O^A 
M1kYK H^] O S1BY`LWRJRB
=
@WXKVSJRKN`LHI@1JLZNK O^kYkhH Z OQWRBhHIUi`
>
`3WXKNA WXGPOQW`RHIkmeIKV`O `RBhApBhkhO^JffiM1JLH
=
khKVATD)$		
Z OQU
=
Kie BhKfiKVS2O^`CW HfM1JLH^WXH ZNH^kh`NqfiO kYBhU  `3W OQWRKiM1JRH^WRHZVHIkffiWXGPObW S1BY`LWRJRB
=
@WXKV`CBYU]_HIJRACOQWRBhHIU
O
=
HI@WU1K[WfiHIJTJLKN`LHI@1JRZVKEO eQO^BhkhO
=
BYkhBYW
>
O^US OC`LBhgIU1O^khkYBhU1gEMJRH^WRHZVHIkuWXGPOQW@1`LKN`WRG1Bh`BhU]_HIJRACO 
WXBYHIU\WXH ACO ^Ke BhJ3WX@PO^k ZNBhJLZN@1BmWffiJRH^@WXBYU1g S1KNZVBh`RBYHIU1`VD$UiWXGK<ZNO^`RKH^]+)		 qvWRG1KJRHI@WXK]_JRHIA O
`RH^@1JRZVKWXHdOS1KN`3WXBhU1OQWXBYHIUCBY``RKNkYKNZ[WXKNS
=n>
WRG1K`BYWRZ G ZNH^U1U1KNZ[WXKVS WXHWXG1K`RH^@1JRZVK^q@`RBhUgd`3WXHIJLKNS
BhU]_HIJRACOQWXBYHIUpO
=
HI@W%WRG1KU1K[WfiHIJCWRHIM*H^khHIg
>
OQU1S\JRKV`RHI@1JLZNKO eQO^BhkhO
=
BYkhBYW
>
D;ffiG1KM1JLH^WXH ZNHIkvWXGKNU
MPO^`L`RKV`WRG1K`RKVkhKVZVWXKVSTJLHI@WRKWXHcH^WRG1KNJffi` BYWXZ GKN`O^khH^U1g WXGKMPOQWXG DflffiG1K
>
qFBYU WX@JRU q1ACO QKkhH Z O^k
JRKV`RHI@JRZNKdJRKV`RKNJ3eQOQWXBYHIU1`O^U1S-MJRHIMPOQg?OQWXK`LBhgIUPOQkhkhBYU1gEApKN`L`XO^gIKV`OQkhHIU1gcWRG1K MPObWXG Dfi(@1JRBYU1gcWXG1BY`
M1JLHZVKN`R`Vq Bm]9O^U-OQWRWRKNApMWWXHCA O QK OpkhH Z O^k JRKN`LHI@1JLZNK JLKN`LKNJLeQOQWRBhHIU ] O^BhkY`NqvO U1KM1OQWXGTA O
>i=
K
ZNH^ACM1@WXKNS
=?>
WRG1Kd` BYWRZ GOQWWXG1KdM*HIBYU?W GKNJRKdWXG1K<JRKV`RKNJ3eQOQWXBYHIUT] O^BYkhKVS qvO^khkYHBhU1gcWXGK MPOQWRG
`RK[WX@1M/M1JLHZVKN`R`EWRH ZNHIU?WXBYUn@1K^D  H ACO ^K WRG1KiO^M1MJRH?O^Z G `LZ O^khO
=
khKCWXH eIKVJ
>
khO^JRg^K U1KVW HIJ `Vq
WXGKi)$		dM1JRH^WRHZVHIk%OQgIgIJRKVg?OQWRKN`EBYU]_HIJRACOQWRBhHIU O
=
H^@Wc`RKVZVWRBhHIU1`cHQ]WRG1K\U1KVW HIJFq O^kYkhHBhU1g
`BmWXZ G1KV`dWRH-GPO eIKCZNHIApM1kYKVWXK nU1HkhKVS1gIKpH^]%WRG1KCMFHIJ3WXBhH^U HQ]fiWXGKCU1K[WfiH^J WXGPOQW<BY`dZVkhHI`LK WRH
WXGKNA O^USTApHIJRK`L@1ApA O^J
>
nU1HkhKVS1gIKH^] S1Bh`3W O^U?WMFHIJLWRBhHIU1`fiH^]+WRG1KU1KVW HIJvD
ffiGKdgIKVU1KNJRO^k;O^M1MJRH?O^Z GiW O	^KNU
=?>
WXG1K<)		fiM1JLH^WXH ZNHIk Z O^U
=
KK WRKNU1SKNS-WRHpG1O^U1S1kYK
ZNH^UlPgI@1JROQWXBYHIU/H^]`RKV`R`LBhHIU1`CJRKVo @BhJRBYU1g BhU?WXKVJRApKNS1BhOQWXKiM1JLHZVKN`R`LBhU1gD2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JRKNon@1BYJRKEBYU?WXKNJLACKVS1BjObWXKM1JRH ZNKV`R`LBhU1g\ZNO^U
=
K
S1HIUK `LBhApM1k
>2=?>
KNkYBhApBhUPObWXBhUg WXGK khBYU n`\WXGPOQW khO^Z4WXG1K JRKVon@1BhJLKNS
=
OQU1S BhSWXG ]_JLHIA WXGK
U1K[WfiHIJfgIJRO^M1G O^U1Sfl1U1S1BhUg WXG1K kYK O^`3WcZNH^`LW MPOQWRG"BhUfWRG1K LJLKNS1@1ZVKNS  U1K[WfiH^JvDf:fiKVZ O^@`RK
WXGK 3JRKNS@1ZNKVS -U1K[WfiH^J ZNHIU?WXO^BhU1`H^U1k
>
kYBhU n` BmWXG KNU1H^@1gIG Z O^MPOQZNBYW
>
]_HIJWXG1K
=
O^US BhSWRG
JRKVon@1BhJLKNApKNU?W qffiOQU1S UH kYBhU  Bh` @1`RKVS4ApHIJRK\WXG1O^U H^U1ZNK
fi
BYU/WRG1KikhK OQ`LWpZNHI`3W M1OQWXG fl q  K-ZNO^U
gI@POQJXO^U?WXKVK%WXGPObW9WXG1KffiH^MWXBYA O^knZVHIUlPgI@JXOQWRBhHIUcZVHIACM@WXKVScBhUEWXGBh`9U1K[WfiH^J BYkhkO^kfiO
>
`fl`ROQWXBY`L]
>
WXGK<ZNO^MPO^ZVBYW
>
JLKNon@1BYJRKNApKNU?WND
UiWXG1KHQWXG1KVJG1O^U1S q
=
KNZNO^@1`LK Oc`RBYU1gIkYKJRKV`RHI@1JLZNKACO
> =
K@1`LKNS AE@1kmWXBhMkhKWRBhApKN`%BYUiO
`RKVkhKVZVWXKVS ZVHIUlPgI@JXOQWRBhHIU quWRG1KC`RO^ApKp`3WXJROQWXKVg
>
A O
>
UH^WdO^kfiO
>
`  HIJ ]_HIJ`LKN`R`LBhHIU`dWXG1OQW<S1H
JRKVon@1BhJLKEBhU?WXKVJRApKNS1BhOQWXKdM1JRH ZNKV`R`LBhU1g1DUKO^ApM1khKdBh`g^BYeIKVUBhU! BhgI@1JLK tD rq G1KNJLK O `RKV`R`RBYHIU
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	KVW HIJ\gIJRO^M1G BYWRG-OcZVHI`LWO^U1S Z OQMPO^ZNBmW
>
`LM*KVZNBYl1KNST]_H^JffiK O^Z G JRKV`RHI@1JLZNK
]_JRH^A 6pWXHC8-BY`WXH
=
K ZVHIUlPgI@JRKNS BYWRG HIUKpMJRH ZNKN`L`RBYU1g-`3WXKNM D KNJRKQq WRG1K `RGPO^SKNS UHS1K BY`
DOD
WXGKpH^U1k > MJRH ZNKN`L`RBYU1gTUHS1K ZNO^MPO = kYKcH^]fiWRG1K M1JRH ZNKV`R`LBhU1g1q O^U1S K OQZ G JLKN`RH^@1JRZVK Bh`OQ`R`RH ZNBhOQWXKVS
BYWRGTW H eQO^kh@1KV`NqvWXG1K<lPJR`3W = KNBhUg BYWR`ZVHI`LWO^U1S-WRG1K `LKNZVHIU1S = KNBhUgCWXGKcO e^OQBhkjO = khKZNO^MPO^ZVBYW > D
  G1KVU WRG1KJRKNon@1BYJRKVSTZNO^MPO^ZVBYW > BY`
A
@U1BYWNq fiKZNO^UTApH S1BY] > WXG1KU1K[WfiH^J =?> KNkYBhApBhUPObWXBhUgdWXGK
khBYU n` BmWXGCkhKN`L`$WRGPO^U
A
@1U1BmW HQ];O e^OQBhkjO = khKffiZNO^MPO^ZVBYW > D! BhgI@1JLKtD t
fi
O fl9`RGH ` = H^WRGCWRG1KkhO > KNJLKNS
gIJRO^M1G ZVHIApM*HI`LKNS ]_JLHIA WXGBh`<JRKNS@1ZNKVS"U1KVW HIJ O^U1S WXG1KCkhK OQ`LWZNHI`3W M1OQWXG D H  KVe^KNJVq9WXG1BY`
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
KV`R`LBhHIU ZNHIUlPgI@1JROQWXBYHIUiBhUiZ O^M1O^ZNBmW
>
ZNHIU`LWXJRO^BhUKNSiU1KVW HIJ `
khKNO^`LW ZVHI`LW MPOQWRG Bh`$M1JLH LKNZ[WXKNS WRH O<ZNHIUlPgI@1JROQWXBYHIU BYUpWRG1KHIJLBhgIBYUPO^k1UKVW HIJvq G1BYZ G H eIKVJR@1`LKN`
O JLKN`RH^@1JRZVK^D! BhgI@1JLK tD t
fi
=
fl`LG1H`WXG1OQWWRG1K M1JLH LKNZ[WXKVSZNHIUl1gI@1JXObWXBhH^U-@1`LKN`WRG1KEkhBYU 
fiDC
@FOfl
WBhZVK^q*ZNHIU1`L@1ApBhU1g rp@1U1BmWX`H^]
=
O^US BhSWRG q GBhkhKWXGKEO eQO^BhkhO
=
khK
=
O^U1S BYSWXGObWWXGK khBYU  BY`
HIU1k
>
A
@U1BYWND   G1BYkhKpWXG1K\`LKN`R`LBhHIU/Z OQU
=
K\ZVHIUlPgI@JRKNS/HIUfWRG1Bh`EM1OQWXG BY]BmWcJRKVon@1BhJLKN`  s !PB
DbB
@1U1BmWX` H^] = O^U1S BhSWRG qWRG1KNJLKBh` U1HEMFHI`R`LB = kYKMPOQWRG H^WRG1KNJ Bh`RKQq = KNZ OQ@1`RKWRG1KWRH^W O^k = O^US BhSWRG
JRKVon@1BhJLKNApKNU?W K ZVKNKVS1` WXG1K-O e^OQBhkjO = khK = OQU1S BhSWXG4H^]O^U > M1OQWXG ]_JLHIA 6TWXH 8vD 'H lPUS2O
eQO^khBYS ZNH^UlPgI@1JROQWXBYHIU qF]_HIJK OQZ G JLKN`RH^@1JRZVK O S1KNZVBh`RBYHIUGPO^`WRH = KcACO^S1KG1KVWRG1KNJWXH\K ZNkh@S1K
WXGKEJRKV`RHI@1JLZNKE]_JLHIA ZVHIU1`LBhS1KVJXOQWRBhHIUOQZNZNH^JRS1BYU1g WXH BYWX`O e^OQBhkjO = khK<Z O^M1O^ZNBmW > O^US WXG1KEZNO^MPO^ZVBYW >
JRKVon@1BhJLKNApKNU?W DH  KVe^KNJVq1BYW Bh`$@1U1ZVkhK OQJ G1H WXH<]_HIJRKV`RKVKWXGKU1HIU @1U1Bm]_HIJRA6JLKN`LHI@1JRZVK@1`RO^gIKOQ`
S1KV`RZNJLB = KNS K O^JLkhBYKNJ BmWXG1HI@WK O^ACBYU1BhUgcO^khk M*HI`L`RB = khKMPObWXG1`VD
ffiGKN`RK S1B 
pZN@1kmWXBhKV` OQJRBh`LKN` = KVZ O^@1`LK WXG1KTgIKNUKNJXOQkM1JLH = khKVA H^]ZNHIUlPgI@1JLBhU1gf`LKN`L`RBhH^U1`
BYWRG ZNO^MPO^ZVBYW > ZVHIU1`LWRJXO^BYU?WX` O^U1S M1JRH ZNKV`R`RBYU1g/JRKNon@1BYJRKVACKVUnWR`-BY` BYU?WXJXOQZVW O = khKQD #fiH^U1`RBYS1KNJTO
ZNH^ACM1kYKVWRKCU1K[WfiH^Jvq 
fi?
@ fl q G1KVJRK K[eIKNJ > UHS1KCKZNKVMW 6 O^US 8 Bh`<Z O^M1O = khKpH^]OQU >
W
>
M*KHQ];M1JRH ZNKV`R`RBYU1g1qO^U1S\K OQZ G G1O^`
A
@1UBYW%HQ]+O eQO^BYkjO
=
kYKZ O^MPOQZNBYW
>
D	Hq1ZVHIU1`RBYS1KNJ%O `RKV`R`RBYHIU
]_JRH^A 6 WXH 8 GBhZ G"JRKVon@1BhJLKN`
 

 r-M1JRH ZNKV`R`LBhU1g `3WXKVM1`ND U
>
]_K O^`LB
=
kYK ZNH^UlPgI@1JROQWXBYHIU WRH
WXGBh` MJRH
=
kYKNA AE@1`3WEMPOQ`R` WRG1JRHI@gIG"O^kYkWRG1K BYUnWRKNJLACKVS1BjOQWRKCUHS1KV`NqO^US WXGn@1`EBmW MJRH e BhS1KV`cO
`RH^kh@WRBhHIU WXH WRG1K  KNkYk nU1HU2O^ApBhkYWRHIU1BhO^U"MPOQWRG4M1JRH
=
khKVA   t
A
 q G1BYZ G4Bh`  UH U4WRH
=
K
  ZNHIApM1khK[WXKQD
BYe^KNU WRG1KpBhU?WXJLBhU1`LBhZ BhU?WXJRO^ZVWXO
=
BYkhBYW
>
H^]fiWRG1K MJRH
=
kYKNA q  KCWR@1JRU U1K WdWXH O `LWR@1S
>
H^]
G1KV@1JRBY`LWXBYZpO^khgIH^JRBYWRG1Ap`ND U WRG1KCUK WdW H `LKNZVWRBhHIU`Nq fiKCBhU?WXJLHS1@ZNK WfiHTG1KN@1JLBh`3WXBhZ ApKVWRG1HS`
]_HIJfiWRG1KHIMWRBhACO^kv`RKV`R`RBYHIUiZNHIUlPgI@1JROQWXBYHIU\M1JRH
=
khKVA BYU\OEZ O^M1O^ZNBmW
>
ZNHIU`LWXJRO^BhUKNSiU1KVW HIJFD  K
]_H ZN@1`<HIU @1U1BhZNO^`LWd`RKV`R`LBhHIU1`<WXGPObWd`LM*KVZNBm]
>
O M1JLHZVKN`L`RBhUg-JRKVon@1BhJLKNApKNU?Wd]_H^J<KNO^Z G `3WXKVM"O^U1S O
=
O^US BhSWRGJRKVo @BhJRKVACKVU?W]_HIJK O^Z G MPOQWRG `RKVgIApKNU?W
=
KVW KNKNU W H\ZNHIU1`LKNZV@WXBmeIKc`LWRKNM1`VD<	H^WRK
WXG1OQWuWXG1K
=
O^US BhSWRGJRKNon@1BYJRKVACKVUnW'ZNO^UdSB*KNJ;HIUS1B*KNJLKNU?W'MPOQWRGd`LKNgIApKNU?WX`Vq^`LBhU1ZVK$MJRH ZNKN`L`RBYU1g
`LWRKNM1` A O
>
KMPO^U1S HIJJRKNS@1ZNKWXG1KO^ApHI@1U?WH^] SPOQW OD9`S1BY`RZN@`R`RKVS BhU #fiGPO^MWXKNJfirqIWRG1KZVHI`LWR`
BhU WXG1KCS1B*KNJLKNU?WEkhO
>
KNJL`EO^JLK `LZ O^kYKNS WRH O^ZVZNHI@1U?WE]_H^Jd`L@1Z G"K*KNZ[WX`ND @1J G1KV@1JRBY`LWRBhZN`<K WRKNU1S
WXGKkjO
>
KVJRKNSigIJRO^M1G\ApKVWRG1HS WRHcM1JRK[eIKVUnWJRKV`RHI@JRZNKV`ffi]_JRHIA
=
KVBhU1gc@`RKNS
=
K
>
HIU1SiWXG1KVBhJ%ZV@1JRJLKNU?W
Z OQMPO^ZNBmW
>
D
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ffiG1KElPJL`LWG1KV@1JRBY`LWRBhZ BY`JRKNO^khk
>
O ZNHIkYkhKVZVWXBYHIU-HQ] `LBhApBhkhO^JO^khgIH^JRBYWRG1Ap`WRGPOQW  KcJRK[]_KNJWRH\O^`WXGK
`RKVkhKVZVWXBmeIKBYU1ZNkY@1`RBYHIU\O^kYgIHIJRBmWXG1Ap`ND O^Z GiACH S1BmlPKN`fiWRG1KkhO
>
KNJLKNSigIJXOQM1G WXHcM1JLKVe^KNU?WkYBhU n`$]_JRHIA
DM
= KNBhUg<H e^KNJ @1`RKVS O^US WRG1KNU lPU1S`fiO`RGHIJLWRKN`LW MPOQWRG BhUcWXG1KffiApH S1BYlPKVS gIJXO^MG D+ffiG1KO^kYgIHIJRBmWXG1Ap`
S1B  KVJffiBhU\WXG1K fiO > WXG1K > ACH S1Bm] > WRG1KkjO > KVJRKNS gIJRO^M1G D
 
ffiG1K  ?-L
1   4I1 fi+fl @ 4 9ffib I58 BhUZNkh@S1KN`OQUKNS1gIKcBYU-WXGKEkjO > KVJRKVS g^JXO^M1G-HIU1k > BY]BmWGPOQ`
KNUHI@1gIG"ZNO^MPO^ZVBYW > `RH WXG1OQWcBYW Z O^UU1H^W = K H eIKVJ @`RKNS q K[eIKNU Bm]BYWEBY` `LKNkhKVZVWRKNS"]_HIJ @`RK\BhUfO^khk
kjO > KNJR`VDcffiG1Bh`MFHIkhBYZ > O^M1MkhBhKV`WXH = H^WXG BhU?WRJXO kjO > KVJO^U1S BhU?WRKNJ kjO > KVJKNS1g^KN`NDp BhU1ZVKpSB*KNJRKVU?W
M1JLHZVKN`R`LBhU1g `LWRKNM1`<ACO > JRKVo @BhJRKcSB*KNJRKVU?W OQACHI@UnWR`H^] M1JRH ZNKV`R`RBYU1g Z O^MPOQZNBYW > q fiK BhUZNkh@S1K O
gIBmeIKNU KVS1gIK O^` O^U BhU?WRKNJ kjO > KVJcKNS1g^K H^U1k > BY]WXGK `L@1A H^]WXGK\Z O^MPOQZNBYWRBhKV`cJRKNon@1BYJRKVS ]_H^J O^khk
WXGKCM1JLHZVKN`L`RBhUgT`3WXKNM` Bh`U1H kjOQJRgIKVJWXGPO^U WXGK O eQO^BhkhO = kYK Z OQMPO^ZNBmW > H^]fiWRG1K M1JRH ZNKV`R`LBhU1gTU1HSK
JRKVM1JRKV`RKVUnWRKNS =?> WRG1KBhU?WXKVJ khO > KNJuKVS1gIKV`NDfl BhApBhkjOQJRk > q KBhU1ZVkh@1S1K$OffigIBmeIKNU<BhU?WRJXO kjO > KVJ KNS1g^K$H^U1k >
BY]'BmWX`%ZNO^MPO^ZVBYW
>
BY`ffiU1H `RACO^khkYKNJ$WXGPO^U\WRG1K`R@1A H^];WXG1K
=
O^US BhSWRGiJRKNon@1BYJRKVACKVUnWR`ffi]_HIJffiO^kYk MPOQWRG
`RKVgIApKNU?WX`VD U1ZNK WRG1K ApH S1BYlPKVS khO
>
KNJLKNS"U1K[WfiHIJ BY` ZVHIU1`LWRJR@1Z[WXKVS qO-`RGHIJLWRKN`LWEMPOQWXG ]_JRHIA
WXGKC`LHI@1JRZVKpWRH WRG1KpS1KN`3WXBhU1OQWXBYHIU Bh`ZNHIApM1@WRKNS DC]%U1H^U1K KBh`3WX`Nq'WXG1Kp`RKV`R`LBhHIU ZNHIUl1gI@1JXObWXBhH^U
OQWLWXKNApMWBY`ffiJRK LKVZVWRKNS D
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>
KNJL`<Bm]BYWG1O^``R@ 
pZVBhKNU?W<Z O 
MPO^ZVBYW
>
WRH
=
K@1`LKNS-BYU O^U
>
HIU1KH^]'WXG1K<kjO
>
KVJR`VD$]
qvOb] WXKNJOcMPOQWRGTBY`S1KVWRKNJRApBhUKNS qWRG1K<MPOQWXGiBY`
]_HI@1US WXHH e^KNJ @1`RKOQUEKNS1g^K^qIWXGKfiMPOQWRGcBh`'S1Bh`LZ O^JLS1KNS OQU1S WXGK%`RKV`R`RBYHIUcZNH^UlPgI@1JROQWXBYHIUcOQWLWXKVACMW
Bh`ffiJLK LKVZVWXKVS D
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9ffib I58 Bh`fiU1H^W%BYU?WXKNUS1KNS O^`fiOEM1JXO^Z[WXBYZ O^k*O^khg^HIJRBmWXG1A q
=
@WBh`@1`LKNS BYUTHI@J`LBhAE@kjOQWRBhHIU\`3WX@1S
>
WXHpM1JLH e BYS1K OpU1HIApBhUPOQk
=
H^@1U1S-H^UTWXGKdMFKNJ3]_HIJRACO^U1ZVK
H^]*WXG1KH^WRG1KNJ O^khg^HIJRBmWXG1Ap`ND;W fiH^Jn`fikYB ^K%WRG1KkhH HI`RKffiBYU1ZNkY@1`RBYHIU ACK[WXG1H S q?KZVKNMW WXGPOQW$BmWU1KVe^KNJ
JRK LKNZ[WX`WXG1KpMPOQWRG WRGPOQW<Bh`]_HI@1US q K[eIKVUfBY]$WXG1K MPObWXG H e^KNJ @1`RKV`EO^U KNSgIK^DCU WXGBh` %O
>
q WXGK
MFKNJRApBh`L`RBmeIKffikhH HI`LK%BhU1ZVkh@1`LBhHIUcApKVWRG1H SpMJRH e BhS1KV` OkYH  KNJ
=
HI@1USCHIUcWRG1K
=
khH ZnBhU1gM1JLH
=
O
=
BhkhBmW
>
H^]$`RKV`R`LBhHIU ZNHIUlPgI@1JROQWXBYHIU OQWRWRKNApMWX`g^BYeIKVU O^U
>
ACK[WXG1H S D KNJLK^quWXGK
=
khH ZnBhU1g\M1JLH
=
O
=
BhkhBmW
>
Bh`\WRG1K JROQWXK H^] @1U1`R@ZNZNKV`R`3]_@1kE`RKV`R`LBhHIU ZNHIUl1gI@1JXObWXBhH^U OQWLWXKVACMWR`\WXH WXG1K WXH^WXO^kUn@1A
=
KNJ H^]
OQWLWXKNApMWR`ND
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Both (v0,w0) and (v1,w1) are
used on the path from s to d
within the shortest path tree,
requiring 2 units in total.
s
d
The shortest path tree
rooted at the source s is
shown in thick lines.
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WXGK  HIJR`3WZ O^`LKEO^UPOQk
>
`RBY``L@1gIgIKV`LWX`Vq
=
KNZNO^@1`LKEU1KVW HIJ `O^JRKS1KV`RBhg^U1KNS-WRHCG1O e^KE`RACO^kYk S1BjOQA 
KVWRKNJL`Nq GBhZ GApK O^U1`WXGPObWWRG1K MPObWXG1`BYUTWRG1K `LG1HIJLWRKN`3WMPOQWRGTWXJLKNKEg^KNU1KVJXO^kYk
>
GPO e^KE] O^J]_KfiKVJ
WXG1O^U 

KNSgIKN`VD$]  KkhK[W S1KNUH^WXKWRG1KACO BhAE@1A Un@1A
=
KNJffiHQ] KVS1gIKV`ffiBhU\OEMPObWXG\]_JRHIA WXGK
B^s
JRH H^WWRHiO eIKVJLWXK  BhU WRG1Kc`RGHIJLWRKN`LWM1OQWXGWXJLKNKQq WXG1KVU WRG1KcK WRJXO WXBYACKdJRKNon@1BYJRKVS =?> ZNO^MPO^ZVBYW >
WXJRO^ZnBhU1gBY`  
fi


 fl[D+fle^KNUpWXG1BY`flJRKN`L@1kYWH e^KNJ `LWXOQWXKV`$WRG1KffiWXBhApK%JLKNon@1BhJLKNS =?> Z O^M1O^ZNBmW > WXJRO^Z 
BhUg BYU M1JXO^Z[WXBYZNK^Dp` BhkYk = K `RKNKVUfkjObWXKNJVquJR@1UU1BhU1giWXBYACK ACKNO^`R@1JLKNApKNU?WX`<BhU ApHIJRKcJLK O^kYBh`LWRBhZ
`RBmWX@PObWXBhH^U1`fi`LG1H WXG1OQWffiZ OQMPO^ZNBmW > WRJXO^ZnBhUgEW O QKN`ffikhKV`R`%WRGPO^U\WBhZVKWXG1KWRBhApKJLKNon@1BhJLKNS =?> WXGK
`RBYACMkhKNJfiG1KN@1JLBh`3WXBhZV`ND
#%OQMPO^ZNBmW > WXJRO^ZnBhU1g/KNU`R@1JLKN`TWRGPOQWiMPObWXG1`\]_HI@1US =?> WXGK OQkhgIHIJLBYWRG1A S1H UH^WiH eIKNJ 
@1`LKCOQU > JRKN`LHI@1JLZNKN`VDpHfiK[eIKVJNq'`RBhUZNKcWXG1KcMJRH = kYKNA Bh`   GPO^JRS q  KCZNO^U1U1H^WK M*KVZVW<BYWWRH
O^k %O > `<l1U1SfO\eQO^khBYSMPOQWXG q K[eIKNU G1KNU"OiMPOQWRG K Bh`LWR`NDi#fiH^U1`RBYS1KNJWXGKCK 1OQACM1kYK `RG1HUfBYU
!+BYgI@1JRKtDPB
fi
O fl[D9] K O^Z G kYBhU  BhU WXG1KHIJRBYgIBhU1O^k1U1K[WfiHIJCg^JXO^M1GCGPO^`$HIU1K@1U1BYW$H^] Z O^MPOQZNBYW > qOQU1S
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Each link and processing node has
1 unit of available capacity
Cannot proceed to w2 because the capacity
of (u,w) has already been used up
    .  fl#&54'1( 1 &5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A valid path not chosen by the
capacity tracking
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!+BYgI@1JLKtDPB

:fikhH Z^KVSTM1OQWXG BhUiZ OQMPO^ZNBmW
>
WXJRO^ZnBhU1g
WXGK`RKN`L`RBYHIUiJRKNon@1BYJRKV`ffiHIU1K@1UBYWffiH^]'ZNO^MPO^ZVBYW
>
HIUiK O^Z GiKNSgIKH^];WXG1K`RKNkYKNZ[WXKNS MPOQWRG qBmWffiZ OQU ] O^Bhk
WXH lPU1S-OpM1OQWXG qvOQ``LG1HU BhUiMPOQJLW
fi
O fl%H^] WXG1KlPgI@JRK^D$ffiG1K
=
HIkYSiKNS1gIKV`OQJRKWXG1K<KNSgIKN`WXGPObW
]_HIJLA WXG1K<`RG1H^JLWXKV`LWMPOQWXG WXJLKNKEObWWRG1K<WRBhApKWXG1K<MPOQWRG `RKNO^JRZ G-WRKNJLACBYUPOQWXKV`NDffi	H^WXKWXG1OQWWRG1KNJLK
Bh`U1H fiO
>
WRHdK  WXKNUS WXG1KWXJLKNK]_@1JLWRG1KNJVqn`RBhUZNKWXG1KHIU1k
>
KNSgIKkYK O e BhU1ge^KNJLWRK
C
B GPOQ` OQkhJRKNO^S
>
=
KNKNUp@1`LKNS BYUEWXG1KffiWRHIM kjO
>
KVJNq O^U1S G1KVU1ZNKZ O^UU1H^W
=
K@`RKNS O^g?O^BYU D+UcWRG1KH^WXG1KVJflGPO^U1S qnWRG1KNJLK
Bh`OcMPObWXGiWXGPOQWZVHI@1kYS
=
K@1`RKVST]_HIJ%WRG1Bh`ffi`LKN`L`RBhH^U qFO^``RG1HU BhUiMPO^J3W
fi
=
fl[D
BA
     &   $ ff%

  
  KEM*KVJL]_HIJLACKVS O `LKVWHQ]`RBhA @1kjOQWRBhHIU`%]_HIJWRG1KE`RKV`R`LBhHIU ZVHIUlPg^@1JXOQWRBhHIU-M1JRH = khKNA WRH KVeQO^kY@POQWRK
WXGKfiG1KV@1JRBY`LWXBYZ ApKVWRG1H S1`+S1BY`RZV@1`R`LKNS `RH] O^JND U WXG1K `RBYAE@1kjObWXBhH^U1`Nq K%ZNHIU`RBhSKNJRKVS WXGKfi]_HIkhkYHBhU1g
]_HI@1JffiSB*KNJRKVU?WUKVW HIJ WRHIM*H^khHIgIBYKN`VD
 
'HIJR@1`

ffiG1BY` U1K[WfiHIJ4Bh` = O^`LKNS HIU OfgIJLBhS4H^]
M
D U1HSKN`\BhU G1BhZ G KVe^KNJ > U1H S1KGPO^` O^U
HI@WRgIHIBYU1gKNS1g^K WRH KNO^Z G H^]BYWR`c]_HI@1JcU1KVBhgIG = HIJR` fU1HIJLWRG q$`RHI@WRG q%KNO^`LWCO^U1S  KN`LW fO^khHIUg
WXGK-gIJLBhS kYBhU1KV`ND ffiG1K UHS1KV` OQW KNS1g^KN` HQ]WXG1KT`Ron@PO^JLK gIJRBYS OQkh`RH GPO eIK kYBhU n` WXGPObW  JRO^M
O^JLHI@1U1S WRHWXGK%ZNHIJLJRKV`RMFHIU1S1BYU1gU1H S1KffiOQW WXG1K%H^M1M*H^`RBYWRKfiKVS1gIK^q?JLKN`L@1kYWRBhU1gBYUcOWXH^JR@1`+WRHIMFHIkhHIg > D
!+BYgI@1JRK%tD
M
`LG1H`WRG1KU1KVW HIJ WXHIMFHIkYHIg
>
D 	H S1KV`WRGPOQWZNO^U M*KVJL]_HIJLA M1JLHZVKN`R`LBhU1gdO^JLKffi`RG1HU
O^`ffiWXJLBjO^UgIkhKV`ND
!+BhgI@JRKtD
M

'HIJR@1`U1K[WfiH^J
 
O^U1S1HIA

ffiG1BY` U1K[WfiH^J Bh`dO-JXO^US1HIA JRKVgI@1khO^JdUKVW HIJ BYWRG
M
D-UHS1KV`Nq9KNO^Z G"GPO e BhU1g\D
BhUZNBhSKNU?W KVS1gIKV`ND\  K
=
@1BYkhS WXG1KCU1KVW HIJ `3W O^J3WXBYU1g BmWXG OTJXOQU1S1HIA S1KVgIJRKVK
=
HI@U1S1KNS WXJRKVK
WXG1OQW%`LMPO^U1`fiO^khk
M
DdU1HSKN`Nq WXG1KVU fiKKMPO^U1S WRG1KUKVW HIJ
=?>
O^SS1BhU1gdKNS1g^KN`%JRO^U1S1HIApk
>
@1U?WXBhk
KVe^KNJ
>
U1HSK<G1O^`KO^ZVWRk
>
]_H^@1JffiBhU1ZVBhS1KVU?WKVS1gIKV`ND
U
=
HQWXG U1K[WfiH^Jn`NqvKVe^KNJ
>
khBYU  GPO^`%WXGK`XO^ApKZNO^MPO^ZVBYW
>
OQU1S WXG1K`RO^ApKZNHI`3W qPOQU1S\HIU1KWRG1BhJLS
H^]vWXGKffiU1HSKN`$O^JRKfiJXO^U1SHIACk
>
SKN`RBYgIUPOQWRKNSpO^`flM1JLHZVKN`L`RBhUg<UHS1KV`Nq BmWXGcWXG1KO
=
BhkYBYW
>
WXHMFKNJ3]_HIJRA
M1JLHZVKN`R`LBhU1gD$khk MJRH ZNKN`L`RBYU1gCUHS1KV`GPO eIKWXG1K`XOQACKZNO^MPO^ZVBYW
>
D
 
,TK[WXJRHr^s

ffiG1BY` U1K[WfiH^J Bh`EO ACH^JRKpJRK OQkhBh`3WXBYZpUKVW HIJ ZNHIUlPgI@1JROQWXBYHIU q+`LMPO^U1UBhU1g WXG1K r^s
kjOQJRgIKV`LWApKVWXJLHIMFHIkhBmW O^U-O^JRKNO^`BhUWXG1KpU1BYWRKNS  W ObWXKN`VD ffiG1KCUKVW HIJ WRHIM*H^khHIg
>
Bh``LG1HU BYU
BIr
!+BYgI@1JRKdtDPQD	H S1KN`WXGPObWO^JLKdZNO^MPO = kYK H^]9M*KVJL]_HIJLACBYU1gCMJRH ZNKN`L`RBYU1g\O^JLKd`LG1HU O^`WRJRBjOQU1gIkhKV`ND
&uBhU  ZNHI`3WX`CO^JRK\`LKVWCKNon@PO^k%WRHWXG1KiM1G > `RBYZ O^kS1BY`LW OQU1ZNK = KVW KNKVU WXG1KiU1H S1KV` WRG1K > ZVHIU1U1KVZVWNq
Phoenix
St.Louis
PhiladelphiaChicago
San Diego
Detroit
Cleveland
Pittsburg
NY
Houston
Dallas
Seattle
Los Angeles
San Francisco
Minneapolis
DCDenver
Boston
Atlanta
Miami
!+BYgI@1JRKtD Q

, KVWXJLHCr^s 	KVW HIJ
JRK PKNZ[WXBYU1g WXGKEG1Bhg^G1KNJZNHI`3WO^`L`RH ZNBjObWXKNS BYWXG-khBhU  ``RM1O^U1U1BYU1g gIJLK OQWRKNJSBh`LWXO^U1ZVKN`NDffiG1KEkhBYU 
Z OQMPO^ZNBmWXBYKN`O^JRK`LKNkhKVZVWRKNS-WRH
=
KdkhO^JRg^KKNU1HI@gIGTWRHCGPOQU1S1khKWXGKdOQUnWRBhZVBhMPOQWRKNSiWXJRO	
pZ^D%ffiG1K<khBYU 
S1BYACKVU1`RBYHIU1BhUg MJRH ZNKNS@1JRKC@1`RKVS ]_HIJWXG1BY`dM@1JRMFHI`RKCBh`W O	^KNU ]_JRHIA  
A
Q  q G1BYZ G S1KV`RZVJRB
=
KN` O
ZNH^U1`LWRJXO^BYUnW 
=
OQ`RKNS\UKVW HIJCS1KN`LBhgIU ApKVWRG1H S1HIkhH^g
>
O^U1S\OQU\BhU?WXKVJXO^Z[WXBYe^KU1K[WfiH^J SKN`RBYgIU WXH HIk
WXG1OQWBhApM1khKVACKVU?WX`%BmW D
  K$ZVHIU1`3WXJXOQBhUWXG1KflWRJXO	
pZBhUW HfiO
>
`VDfl!+BYJR`LWNq WXG1KflWRH^W O^kQWXJXO 
CZKVUnWRKNJLBhU1gO^U1S<khKNO eBYU1gOffiU1HSK
Bh`Z G1HI`LKNU WXH
=
KEM1JRH^M*HIJ3WXBYHIUPO^kuWXH WRG1KEMFHIM1@1khOQWXBYHIU-HQ]flWXG1KcApKVWRJRHIMFHIkhBmW O^UTO^JLK O JLKNM1JLKN`RKVU?WXKNS
=?>
WXGPObW U1HSK^D/	K WNq ]_HIJcKNO^Z G/U1HSK
C
q fiKiZVHIU1`LWRJXO^BYU BYWX`cWRJXO	
pZ WXH KVe^KNJ
>
H^WXG1KVJ U1HSK
BhUTM1JRH^M*HIJ3WXBYHIUTWRHCWXGKEM*H^M1@1kjObWXBhH^U1`H^]flWXG1KdACK[WXJLHIM*H^khBYWXO^U O^JRKNO^`JLKNM1JLKN`RKVU?WXKNS
=?>
WXG1KEHQWXG1KVJ
U1H S1KN`VD  M*KVZNBYl1Z O^kYk
>
qffiBm] +TBh` WRG1K-]_JRO^ZVWRBhHIU4HQ]<WRG1KMFHIM1@1khOQWXBYHIU HI@WX`RBYS1K U1H S1K
C
WXG1OQW BY`
O^`L`RH ZNBjObWXKNS BYWRG U1H S1KOvq WXGKNU  K-kYBhApBYW WRG1KiWXJXO 
CZ
=
KVW KNKNU
C
O^U1S8OfWRH
=
K U1H ApHIJRK
WXG1O^U
A
! t TWXBhApKN`ffiWRG1KdWRH^W O^k WRJXO	
pZdKNU?WXKVJRBhUg O^U1STkhKNO e BYU1gCUHS1K
C
DffiffiG1Kd] OQZVWXH^JH^]
A
D t fiO^`
Z G1HI`LKNU WRHEO^kYkhH ]_HIJ$`RH^ACK PKB
=
BhkYBYW
>
BYUpWRG1KS1BY`LWRJRB
=
@WXBYHIU H^] WXJRO	
pZ^qJRK1KNZVWRBhU1g<WXG1KUPOQWR@1JXO^k
eQO^JRBhOQWXBYHIU1`fiWRGPOQWH ZNZV@1JBhUiU1KVW HIJ WXJXO 
CZQD
B^t
BYeIKVU-WXGKN`RKEWRJXO	
pZcOQ`R`R@ACMWRBhHIU`O^U1S O 
DH )(  : 	B; LHIBhUBhU1gCK O^Z GMPOQBhJH^]eIKNJ3WXBYZNKN`Vq khBYU 
S1BYACKVU1`RBYHIU1`Z O^U = KZNH^ACM1@WXKNS @1`RBYU1gdkYBhU1KNO^JM1JRH^gIJXO^ApApBhU1g1D;ffiG1KJRKV`R@1kmWXBhUgdkYBhU EZNO^MPO^ZVBYWRBhKN`
gI@POQJXO^U?WXKVK$WRGPOQW+O^U > WXJRO	
pZ MPObWRWXKVJRUd`XOQWRBh`L] > BYU1gWRG1KWXJXO 
CZ$ZNH^U1`LWRJXO^BYUnWR`+ZNO^U = K ZNO^JRJLBhKVSdBm]WXGK
WXJRO	
pZBh`JRHI@WXKNSTO^kYHIU1gEWXGKdS1K[] O^@1kmWMPOQWXG`ND$ffiG1KdSKV] O^@1kmWMPOQWRG = KVW KNKVUOcMPO^BhJffiHQ]+eIKVJLWRBhZNKV`
Bh`O `RG1H^JLWXKV`LWMPOQWRG-ZNH^UnWXO^BhUBhU1g OQWkYK O^`3WH^U1KdMJRH ZNKN`L`RBYU1g U1H S1KQqvO^U1S-ZNO^U = K]_HI@1U1S @1`LBhU1gCO
W HpkhO > KNJfiU1KVW HIJvD$ffiG1KM1JLHZVKN`R`LBhU1gcUHS1KV`O^khH^U1g KNO^Z GiS1KV] O^@kYWffiMPObWXGiO^JLKS1BhApKNU`RBhH^U1KNS WRH
GPO^US1khKfiWRG1K  HIJR`3WZNO^`RKffiWRJXO	
pZffikhHIO^ScO^kYkhHfiKVS =?> WXGK%WXJXO 
CZffiZVHIU1`3WXJXOQBhU?WX`VD+  G1KNU MFKNJ3]_HIJRApBhU1g
WXGK`RBhA @1kjOQWRBhHIU`Nq fiKSHpUH^WffiZNH^U1`LWRJXO^BYU WXG1KWRJXO	
pZWRHc@1`RK L@1`3W%WXG1KSKV] O^@1kmWffiMPOQWRG1`Nq = @WffiWXGK
khBYU pS1BhApKNU1`LBhHIU`O^JRKZ G1HI`LKNUT@1U1S1KVJWRG1K<O^`R`L@1ApMWXBYHIU\WXGPOQWffiWRG1KS1KV] OQ@1kYWMPObWXG1`O^JLK<@`RKNS D
 
,TK[WXJRH#B^s

ffiG1BY`9U1K[WfiHIJvqOkhO^JRgIKVJ e^KNJR`LBhHIU H^]vWRG1K,TKVWRJRHdr^sU1K[WfiH^JvqnGPO^`OU1H S1K%]_HIJ9KNO^Z G
H^]%WRG1K l1] W
>
khO^JRgIKV`LWdACK[WXJLHIM*H^khBYWXO^U O^JRKNO^` BYUf*D ffiGK WXHIMFHIkYHIg
>
BY`d`LG1HU"BhU"!+BYgI@1JLKCtDPCD
ffiG1KkYBhU n`%OQU1S\M1JRH ZNKV`R`LBhU1gcU1H S1KV`ffiO^JRKS1BhApKNU1`LBhHIUKNS BYU WXG1K`XO^ApK fiO
>
O^`%BYU WXG1K,TKVWRJRHpr^sD
Seattle
Portland
Sacramento
San Francisco
Salt Lake City
Las Vegas
Los Angeles
San Diego
Pheonix
Denver
Minneapolis
Kansas City
Oklahoma City
Dallas
Austin
San Antonio Houston
New Orleans
Milwaukee
Chicago
Indianapolis
St. Louis
Memphis
Grand Rapids
Detroit
Dayton
Cincinnati
Louisville
Nashville
Atlanta
Columbus
Boston
Providence
Hartford
New York
Philadelphia
Rochester
Buffalo
Cleveland
Pitsburg
Washington D.C.
Virginia BeachGreensboro
Raleigh
Charlotte
Jacksonville
Orlando
West Palm Beach
Miami
Tampa
!+BYgI@1JRKtDPC

, KVWXJLH7B^s 	KVW HIJ
  GBhkhKWXG1K'HIJL@1`O^U1S O^U1S1HIA O^JLKU1H^WffiM1O^JLWRBhZN@kjO^JLk
>
JRKNO^khBY`LWRBhZU1KVW HIJ ZNHIUl1gI@1JXO 
WXBYHIU1`VqWXG1K
>
M1JLH e BYS1K<O ApHIJLK LU1KV@WXJRO^k cZVHIU?WXK W]_HIJffiKVeQO^kY@POQWRBhU1g WRG1K`RKV`R`RBYHIU ZNHIUl1gI@1JXObWXBhH^U
B D
O^kYgIHIJRBmWXG1Ap`WXGPO^U WRG1Kc`RH^ACKGPOQWBYS1BhHI` > U1ZNJROQWXBYZ U1K[WfiHIJ-WXH^M*HIkYHIgIBYKN`WXGPOQWO^JRBY`RK ]_JLHIA JLK O^k
 HIJRkYS ZVHIU1`LBhS1KVJXOQWRBhHIU1`VD6: > ZNHIU1`LBhS1KVJRBYU1g/O"eQO^JLBhK[W > H^]<S1B  KVJRKNU?W U1K[WfiHIJn`Nq  K GHIM*K WRH
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B = khK JRHI@WRBhU1g-M*HIkYBhZVBhKN`dZ O^U = K\@1`LKNS
BhU/O^U/OQWLWXKVACMW WXH O^SPO^MWpWRH Z GPO^U1gIBYU1g`RBmWX@PObWXBhH^U1` O^U1S"WXH O^Z GBhKVe^K = KVWLWXKVJcM*KVJL]_HIJLA O^UZNK^D
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=
KO
=
khK
MON
WXHcMJRH ZNKN`L`
A
= BhkhkYBhHIUpBhU`LWXJL@1ZVWRBhHIU`%M*KVJffi`RKVZNHIU1STO^U1S\WRGPOQW%WRG1KJRHI@WRKNJffiObW)GBhkjOQS1KNkYM1G1BjO<AE@1`3W
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=
Q`
fi
(K[WXJLHIBYWNqP#fikhK[eIKVkjO^U1S fl tIsIsp,
=
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=
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U1K[WfiHIJiO^U1S Oc`RK[WHQ] WRJXO	
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

=
KWRG1KUn@1A
=
KNJ%HQ] MJRH ZNKN`L`RBYU1g `LWXKVM1`NqkhKVW

! < 
=
KKVkhKNApKNU?W flHQ]'WRG1KlPJL`LWkYBh`LWNqOQU1S
khK[W

! E 
=
KKVkhKNApKNU?W H^]'WXG1K<`RKVZNHIU1STkhBY`LW Dfl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